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Abstract I 
 
Abstract 
In this work we present the development of a novel combination of isothermal microcalorimetry and 
electrochemical enzyme sensors with special reference to kinetic analysis of enzymatic hydrolysis of 
lignocellulosic biomass suspensions. The work was motivated from that one of the key challenges in 
enzymatic biomass research lies in the limited selection of simple, fast and quantitative assays for 
cellulolytic enzymes activity.  Isothermal microcalorimetry has recently shown promise as a novel real-time 
assay based on quantification of the heat associated with the enzymatic degradation of the biomass. To 
improve the specificity in the calorimetric signal we modified a Thermometric TAM2227 isothermal 
microcalorimetric titration vessel so it could be equipped with dual miniaturized working electrochemical 
sensors, reference- and counter electrode in a bi-potentiostat setup. This setup allows for different 
measurement opportunities of either two different types of sensors working in concert or interference 
detection by a ‘compensating’ electrode. Miniaturized amperometric glucose sensors were constructed in 
glass capillary tubes, outer diameter 1 mm, by membrane entrapment of glucose oxidase that was 
immobilized on the surface of a carbon paste electrode with a mixed mediator, p-benzoquinone. An 
oxidation current of the reduced redox mediator, by the glucose oxidase reaction, was recorded at a fixed 
potential of +0.6 V vs. Ag/AgCl. The oxidation current thus obtained was proportional to the concentration 
of glucose up to 25 mM. We investigated the performance of this novel combined technique in terms of 
advantages and limitations. It was found that the miniaturized amperometric glucose sensors could be 
incorporated into the calorimetric vessel without causing any significant interference in the calorimetric 
baseline signal from air leaks and any significant consumption of glucose. Optimization of the combined 
experimental setup is still needed but the combined method shows promise for continuous in-situ 
monitoring of glucose and simultaneous heat detection. The method was planned to be used to study the 
enzymatic hydrolysis kinetics of crystalline cellulose by cellulolytic enzymes.  Where the calorimetric signal 
scales with the overall activity of the all cellulolytic enzymes in the mixture, then the glucose sensor detects 
only the activity of glucose producing enzymes. It would thus be possible with the combined method to 
study the enzyme kinetics in more detail than otherwise possible with the calorimetric assay alone. This 
gives a unique opportunity for a deeper insight into the synergetic effect of cellulolytic enzymes working in 
concert. Hence, it was concluded that the novel combination technique of isothermal microcalorimetry and 
electrochemical enzyme sensors shows great promise as a powerful analytical tool, not only for 
characterization of cellulolytic enzyme mixtures activity in lignocellulosic biomass degradation, but also as 
an general application of electrochemical enzyme sensors as specific sensors in calorimetric instruments for 
improved specificity. In comparison with conventional assay methods, based on chromatography or 
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spectrophotometry, the presented method has the advantages of being free from the influence of the 
optical properties (turbidity and coloration) of the reaction mixture, and provides monitoring in real-time. 
The electrochemical glucose sensor was utilized to study the enzymatic hydrolysis kinetics of 
microcrystalline cellulose, suspended in acetate buffer (pH 5), by a commercial cellulase mixture. The result 
shows that electrochemical glucose sensor has big potential as an independent assay to study the kinetics 
of enzymatic hydrolysis of cellulose substrates. 
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Preface V 
 
Preface 
This thesis has been conducted under the frames of the project “Thermochemical screening of cellulolytic 
enzymes for second-generation bioethanol production” which is a collaboration between Roskilde 
University and Novozymes. One of the main themes in the project is the development of novel calorimetric 
assay technologies for continuous monitoring of cellulases activity. Cellulose is the most abundant 
renewable biological resource and its application for production of bioethanol is very promising for 
effective reduction of CO2 emission in the transport sector. However, one of the key challenges in 
enzymatic biomass research lies in the limited selection of simple, fast and quantitative assays for cellulases 
activity. The development of new assay methods for cellulases activity is therefore well motivated. 
The aim of this work has been to implement biosensor technology in the biomass research group in 
Denmark and development of calorimetry with in-situ electrochemical enzyme sensors. Biosensors can be 
made highly specific for an analyte e.g. glucose where calorimetry is a quantitative non-specific but 
universally applicable method. A combination of the two methods is therefore highly motivated from the 
same reasons of the main project. The implementation of biosensor technology was accomplished through 
a research stay at an external collaboration partner in Shinshu University, Matsumoto in Japan - Assistance 
Professor Hirosuke Tatsumi. Assistance Professor Hirosuke Tatsumi has a long documented research 
expertise in using biosensor technology in kinetic analysis of enzymatic hydrolysis of starch and cellulose. 
In July-2008 the first contract to Assistant Professor Hirosuke Tatsumi was made and the planning to go to 
Shinshu University was stated. A lot of work was hereafter put in preparing the stay in Matsumoto city and 
at Shinshu University. I ‘officially’ started on the thesis project by the arriving to Japan one year later in July-
2009. 
Electrochemistry and electrochemical enzyme sensors was a new branch of science for me so the first 
month at Shinshu University was spent on introduction to the fundamentals of electrochemistry and 
electrochemical experimental methods. The next month was used on introduction to different types of 
electrochemical enzyme sensors and literature search/reading. The later time at Shinshu University was 
devoted to mainly five things: 
1) Purchase of equipment and materials for construction of electrochemical enzyme sensors and the 
experimental setup e.g. potentiostats, syringe pump, electrodes, electrochemical measuring cells, 
data acquisition equipment etc. 
2) Development and construction of miniaturized sensor prototypes for incorporation into the 
calorimeter located at Roskilde University. 
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3) Leaning a new programming language in the form of LabView for creation of a data acquisition- and 
control software for the electrochemical setup. 
4) Testing the electrochemical glucose sensors assay method for kinetic analysis of enzymatic 
hydrolysis of cellobiose and a cellulose substrate. 
5) Development of an electrochemical enzyme electrode for cellobiose detection. 
The construction of miniaturized glucose sensors was found unexpectedly difficult and more work was 
spent here than first planned necessary. A lot of work has in this project been used to find/buy equipment, 
materials and setting up the experimental setup. 
Back at Roskilde University in November-2009 the work of modifying the calorimeter for the miniaturized 
prototype sensors was started. It turned out that the sensor prototype developed in Shinshu University was 
not suitable for incorporation. The reasons were the demand that four sensors should be incorporated in a 
way that provided easy fixing and replacement. These demands set certain constrains to the size and design 
of sensor together with how to modify the calorimeter. Not all these demands could be fulfilled by the 
prototype developed in Shinshu University. From November-2009 to April-2010 most of the time was spent 
on the development of a new sensor prototype and mechanically modifying the calorimetric insertion unit. 
The mechanical modifications were done by the engineer assistants at Roskilde University. In this time 
period most of the theoretical chapter was written. 
In April/May-2010 time was spent on optimizing the preparation method of the miniaturized sensors and 
conducting calibration experiments. The electrode preparation method developed at Shinshu University 
could not directly be used even through the very high similarity between the two types of electrodes. This 
meant that most of the time planned to test the combined method was spend in sensor construction 
instead and only preliminary test of the combined method has been performed. In this period the rest of 
the thesis was written. 
A general comment of the workflow in this project: when only one person is working on a project this 
becomes a compromise between getting theoretical understanding and ‘getting the work done’. When 
conducting experimental science projects it’s more the rule than the exception that time plans are 
exceeded because of problems in laboratory, practical challenges and troubleshooting. As one example 
from this project it took nearly six months just to develop the combined technique which still needs 
optimization and testing before it can be used for the intended. This is ¾ of the time allocated to this 
master thesis! This is just to stress that this project has been mainly experimental method development 
orientated. Most ideas on how to construct and incorporate the miniaturized sensors into the calorimeter 
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have been provided by the author himself. However, most ideas streams from fruitful discussions with 
Assistant Professor Hirosuke Tatsumi and the engineer assistants Ebbe Hyldahl Larsen and Torben Steen 
Rasmussen from the Department of Science, Systems and Models at Roskilde University. A lot of energy 
has throughout the project been focused on getting the experimental setup to work properly. All 
different sensor prototypes, unsuccessful experiments and the results from the cellobiose sensor are 
not included to keep focus in the thesis. The results presented in the thesis are therefore not 
representative for the overall experimental work conducted in this thesis. 
Electrochemical enzyme sensors is a highly interdisciplinary field in the branch of chemistry, physics, 
molecular biology, engineering, nanotechnology and consists of both fundamental and applied research. It 
was therefore a natural choice to do a combination master thesis in physics and chemistry. The main focus 
of the theoretical part in the thesis has been put on the fundamentals of electrochemical enzyme sensors. 
The reader is expected to have a basic understanding of electrochemistry. However, the theoretical 
description of the enzyme electrodes used in this work has become very comprehensive. The reason to 
include this long theoretical description is to give the reader an in-depth understanding of the measuring 
principle behind enzyme electrodes. No original contribution to the theoretical understanding of 
electrochemical enzyme electrodes has been provided. This thus means that the theoretical part in the 
thesis is composed upon the relevant literature in the form of mainly the original articles but also reviews 
and text books. 
Main supervision in the project has been provided by Assistant Professor Hirosuke Tatsumi. 
This master thesis counts for 42 ETCS points which translates to approximately 8 months of full time study. 
 
Nicolaj Cruys-Bagger 
June 20th 2010, Roskilde 
 
sippai wa seikou no moto 
(Success is 99 percent failure) 
Quote by Soichiro Honda 
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Abbreviations, Symbols and Notations 
Abbreviations 
ITC  Isothermal Titration Calorimetry 
TAM  Thermal Activity Monitor 
FAD  flavin adenine dinucleotide 
GOD  glucose oxidase 
BQ  p-benzoquinone 
GOD-BQ-CPE  glucose oxidase- benzoquinone-carbon paste electrode 
U  enzyme catalytic unit 
A measure of enzyme activity defined as: “the amount of enzyme that will 
catalyze the transformation of one micromole of substrate into product per 
minute under defined (standard) conditions”  
 
Symbols 
Roman 
I   current 
ssI   steady-state current 
,limssI   limiting steady-state current 
n   numbers of electrons involved in the electrode or catalytic reaction 
F  Faradays constant 
A  geometric surface area of the electrode 
 *jC x   bulk concentration of species j  at location x  
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 jC x  concentration of species j  in the enzyme/mediator (immobilized) layer at 
location x  
 'jC x  surface concentration near the membrane of species j in the convective 
diffusion layer at location x  
 memjC x   membrane concentration of species j  at location x  
 norjC x   normalized concentration of species j  at location x  
 
j species: 
S   substrate 
P   product 
O   oxidized mediator 
R   reduced mediator 
 
SD   diffusion-constant of substrate 
MD   diffusion-constant of mediator 
mem
SD   diffusion-constant of substrate inside the membrane 
l   thickness of enzyme/mediator-layer 
ml   membrane thickness 
jP   permeability of the membrane to species j  
 ,jJ x t   flux of species j  at location x at time t  
Abbreviations, Symbols and Notations XIII 
 
 
Greek 
j   sensitivity to species j  
 
Notations 
 / marks the phase boundary between either a solid-solution interface or solution-solution interface by a 
salt bridge. 
Anodic (oxidation) currents are taken as positive and positive potentials are plotted to the right. 
For thermograms the positive y-axis is taken as exothermic. 
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Introduction 
Production of biofuels, biomaterials and electricity from biomass resources is an important part of the 
solution to the current problems that have to be addressed as a consequence of depleting oil reserves. In 
particular carbon neutral second-generation ethanol from renewable lignocellulosic biomass is a promising 
sustainable alternative for fossil fuels in the transport sector [1]. The primary challenge for this application 
is the breakdown of cellulose in lignocellulosic biomass to fermentable sugars. An efficiently and 
environmentally friendly degradation of lignocellulosic biomass can be obtained by the use of cellulolytic 
enzymes -, namely cellulases. In recent years, increasing attention has been paid to reduce the cost of 
cellulase production, improvement of cellulase performance and today the price of cellulases are reaching 
a level making production of second-generation ethanol from lignocellulosic biomass a commercial 
alternative. The enzymatic hydrolysis of lignocellulosic biomass by cellulases is a highly complex process.  
Complete and efficient conversion to glucose requires a mixture of enzymes, at least three major classes, to 
work in concert. Exo-cellulases, also called cellobiohydrolases (CBH), hydrolyzes in the cellulose chain ends 
to release primarily cellobiose, endo-cellulases (EG) hydrolyzes β-1,4-glucosidic bonds randomly in the 
cellulose chain creating free chain ends to the CBH’s.  Finally, β-glucosidases (BG) hydrolyze primarily 
cellobiose to glucose that can be fermented by e.g. yeasts to produce bioethanol [2]. The degree of 
cellulose conversion depends on different parameters like the synergistic effect of the different cellulases 
working in concert, physical-chemical properties of the substrate (lignocellulosic biomass sources), and the 
presence of non-cellulosic residues as hemicelluloses and lignin [2]. Although considerable understanding 
of the function of cellulases has accelerated in the last decades it was recently stated that one of the key 
challenges in biomass research lies in the limited availability of simple, fast and quantitative cellulase 
activity assays [3]. Fundamental insight into the complex hydrolysis process can be obtained from kinetic 
studies. Such studies are, however, difficult to conduct due to the insoluble nature of the substrate and the 
high degree of structural variety of the different types of lignocellulosic biomass sources. In most studies, 
cellulase activity is measured by end point assays by quantification of the product concentration in 
quenched samples of the hydrolysis reaction mixture at different times. This can be done by e.g.  HPLC 
sugar analysis of filtered samples, or analysis of the amount of reducing sugars by a spectroscopic method 
[3]. These assays have a disadvantage of low time-resolution because of the relatively slow and laborious 
analytical protocols related to these assays. Development of improved or new assay methodologies to 
monitor enzymatic activities of cellulases during lignocellulosic biomass degradation is therefore highly 
compelling. 
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Isothermal titration calorimetry (ITC) has proven useful as a general analytical tool to investigate enzyme 
kinetics and activity in complex solutions [4, 5]. Recently, ITC has been utilized to show that it can be used 
as an assay method to monitor cellulase activity for soluble cello-oligosaccharides [6], insoluble and real 
lignocellulosic biomass suspensions [7] and for investigation of enzymatic biodiesel reactions [8]. The ITC 
assay is based on quantification of the heat associated with the enzymatic degradation of the biomass. This 
offers several advantages in comparison with the conventional assays, chromatographic or 
spectrophotometric methods; high time-resolution, being free from the influence of the optical properties 
of the reaction mixture (turbidity and coloration) and application to both multi-component and complex 
reaction mixtures. The strongest advantages of the method with regard to enzyme kinetics, however, lies in 
that the primary observable (heat per unit time) is proportional to the rate of the reaction, not the 
concentration of substrate or products [4]. Another advantage of calorimetry, that makes it a generally 
applicable method, is the non-specific nature of the calorimetric signal. This is because the measured heat 
signal is the sum of all enthalpy changes taking places in the reaction mixture. The non-specificity is in some 
cases also a limitation of calorimetry [9]. In the context to lignocellulosic biomass degradation this means 
that it is not only the heat associated with the enzymatic hydrolysis of β-1,4-glycosidic bonds that is 
measured . The consequence is that the calorimetric determinations of absolute enzymatic reaction rates 
for biomass degradation requires initial calibration against another method (e.g. HPLC) for each new type 
of substrate (i.e. biomass sources) [7]. The lack of specificity of the ITC method can be compensated for by 
combining it with other analytical methods. One efficient way to do this is by incorporating specific 
analytical sensors into the calorimetric vessel, for example, electrodes, that can be miniaturized and 
positioned in the vessel without any significant disturbances in the calorimetric signal [9, 10]. The non-
specific calorimetric signal can thus in combination with the specific signal from analytical sensors be a very 
powerful analytical technique for characterization of complex systems with multiple reactions. 
Electrochemical enzyme sensors have been widely used as an analytical detection technique in many 
different areas of both fundamental research and applications like medicine, food industry and 
environmental control and they have been applied to analysis of different samples like blood, food, waste 
water and beverages (wine, beer, fruit-juices, etc.). Electrochemical biosensors are powerful analytical 
detection tools to gain real-time information in both in-situ and in-vivo measurements [11] due to their 
excellent miniaturization possibilities. In the application of electrochemical enzyme electrodes, the 
potential of the electrode is usually kept constant vs. a reference electrode and the measured current 
scales within some range linear with the concentration of the substrate for the enzyme in the 
electrochemical sensor. One of the advantages of electrochemical enzyme sensors is the high specificity to 
an often limited range of substrates. In particular, electrochemical enzyme sensors to monitor glucose have 
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been, and are still today, subject to much intensive development [12]. The research within glucose-sensors 
is highly motivated by the tremendous economic aspects in monitoring blood glucose-level with regard to 
diabetes management. Even though there is an extensive literature on the application of electrochemical 
enzyme sensors for glucose detection, only few papers have explored and utilized glucose sensors in regard 
to kinetic analysis of cellulosic biomass hydrolysis. It has previously been shown that direct and continuous 
observation of enzymatic hydrolysis of both starch granules by glucoamylase and of microcrystalline 
cellulose by crude extracts of cellulase Trichoderma viride in thick suspensions can be achieved successfully 
by glucose detection with carbon paste electrodes [13-15]. In these electrodes glucose oxidase (EC 1.1.3.4 
β-D -glucose:oxygen 1-oxido-reductase) (GOD), which catalyzes the oxidation of β-D-glucose to D-glucono-δ-
lactone, serves as the sensing enzyme for glucose detection. The measuring principle is based on mediated 
bioelectrocatalysis of a small organic redox mediator, p-benzoquinone, mixed in the carbon paste. The 
mediator is coupled to the enzymatic reaction of the sensing enzyme and serves to shuttle electrons 
between the enzyme and electrode, and thus provides a convenient way of providing ‘electrical contact’ 
between the enzyme and electrode [16]. Electrochemical enzyme sensors, including carbon paste 
electrodes, can be used under many of the same conditions as ITC and offer many of the same advantages 
with respect to continuously monitoring solutions that are turbid and colored. 
In this work we have explored the utilization of incorporated highly specific glucose oxidase-carbon paste 
electrodes into an isothermal calorimetric vessel for simultaneous and continuously in-situ monitoring of 
glucose and heat released during enzymatic hydrolysis of crystalline cellulose suspensions. We have 
investigated the performance of this novel combined technique in terms of advantages and limitations and 
with special focus on the potential of this combined technique to provide a more detailed picture of the 
synergistic effect of cellulases working in concert. 
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Enzyme Biosensors 
A biosensor is widely defined as a combination of a transducer being electrochemical, optical, 
piezoelectrical or thermoelectrical in connection with a biological recognition agent being an enzyme, 
antibody, nucleic acid or cell. The basic principle in the biosensor is when a substrate for the biological 
recognition agent is present the electrical signal from the transducer device reflects the concentration of 
the substrate. For an electrochemical transducer the basic idea is to convert an electrochemically inactive 
substrate to an electrochemically active product. The most widely used, and of research interest, biosensor 
is without doubt the type based on electrochemical enzyme electrodes. These have found use as analytical 
tools in different areas like medicine, food analysis, environmental control, etc. One of the reasons for the 
strong interest of enzyme electrodes is usual very high specificity of enzymes for a substrate. In particular, 
glucose biosensors based on the enzyme glucose oxidase have played a dominant role in the development 
and application of enzyme biosensors. This is mainly because of the tremendous economic aspect in 
monitoring glucose in regard to diabetes management that is still a growing worldwide health problem [17, 
18]. The first concept of an enzyme electrode was developed by Clark and Lyons in 1962 [19]. Their device 
consisted of an oxygen-sensor with the glucose oxidase entrapped by a dialysis membrane. By measuring 
the consumption of oxygen from the enzyme catalyzed reaction it was possible to monitor the 
concentration of glucose. Updike and Hill [20] further developed the device in 1967 and the term enzyme 
electrode was used for the first time. Before describing in more detail how these enzyme biosensors work 
we will start with an introduction to the enzyme - glucose oxidase (GOD). 
 
The sensing enzyme – GOD 
Glucose oxidase (EC 1.1.3.4 β-d -glucose:oxygen 1-oxido-reductase) (GOD) is an oxidoreductase which 
means that it catalyses electron transfer from its substrates to an electron acceptor. For GOD the primarily 
substrate is β-D-glucose. When the electron acceptor is oxygen the reaction products are D-glucono-δ-
lactone and hydrogen peroxide according to the reaction scheme in Figure 1. D-glucono-δ-lactone is 
spontaneously hydrolyzed to gluconic acid (the rate is dependent on temperature and pH) and hydrogen 
peroxide is spontaneously decomposed into water and oxygen. These reaction steps are also illustrated in 
the reaction scheme in Figure 1. 
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Figure 1 The reaction scheme of glucose oxidase with β-D-glucose and molecular oxygen as electron acceptor. 
 
GOD from Aspergillus niger is a dimer of approximately 160kDa with two molecules of flavin adenine 
dinucleotide (FAD) non-covalently bound as cofactors [1]. The FAD cofactors are located near the active site 
and are involved in the catalysis reaction as electron carriers. In the oxidation catalysis the FAD groups are 
first reduced by reaction with the substrate and then re-oxidized by oxygen and FAD thus cycles between 
its oxidized and reduced states. The high degree of activity for β-D-glucose is seen when comparing the 
relative oxidation rates against other monosaccharides  e.g. D-mannose, D-Xylose and D-Galactose have 
relative oxidation rates below 1% [21] and only 2-deoxy-D-glucose is oxidized at a significant rate (20-30%) 
when compared to glucose [22]. This high selectivity makes GOD a very unique analytical enzyme for the 
determination of glucose. However, GOD also has a much higher activity for the β-D-glucose anomeric form 
compared to α-D-glucose (0.64% relative to β-D-glucose) [23]. Therefore, if GOD is used in biosensor-
applications where the total glucose content is of interest one has to take into account the mutarotative 
equilibrium between the two anomeric forms in aqueous solutions. GOD can also use other electron 
acceptors, here called mediators, other than it´s natural electron acceptor oxygen; this gives GOD 
dehydrogenase functionality e.g. quinones have been shown to proceed by a two-electron transfer in the 
catalysis reaction [23]. Some important physical/chemical characteristics of GOD in regard to its use in 
biosensor-application are listed in Table 1. 
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Table 1 Physical/chemical characteristics of glucose oxidase. 
Molecular weight (kDa) 
¤
 160 
Average diameter (nm) 
¤
 8 
Temperature stability in solution (℃)† 20-50 
¤
[24] , 
†
[22]. 
The catalytic reaction of GOD follows the so-called ping-pong bi-bi mechanism [23]. In this mechanism the 
enzyme binds the substrate first, follow by the release of the product and reduced enzyme. Next the 
oxidized form of the mediator and the reduced enzyme binds followed by the release of oxidized enzyme 
and reduced mediator. The reaction sequence in this mechanism in the case of a two-electron acceptor can 
be written in two individual steps as: 
 
1
2
1
ox redS+E ES P+E
k k
k
   (1) 
 
 
3
4
3
red ox ox redE +M EM E +M
k k
k
   (2) 
 
where S  and P  are the substrate and product (β-D-glucose and D-glucono-δ-lactone), oxE and redE  are the 
oxidized and reduced forms of glucose oxidase (GOD(FAD) and GOD(FADH2)), oxM  and redM  are the 
oxidized and reduced forms of the electron transfer mediator, ES  and EM  are the enzyme-substrate and 
enzyme-mediator complex, respectively. The 
jk  
represents the individual rate constants for the respective 
steps. 
The steady-state enzyme kinetics for the two steps in (1) and (2) can be expressed in a rate equation as 
[25]: 
 
1
S cat EP
E
S M
S O
dC k CdC
K Kdt dt
C C
    
 
 (3) 
where E is the rate, EC , SC  and OC are the concentrations of enzyme (total enzyme concentration, that 
is: 
ox redE E E ES EM
C C C C C    ), substrate and oxidized form of the mediator, respectively. It´s assumed 
that the concentration of each species is homogenously distributed in the solution. The catalytic constant, 
catk  and Michaelis constants of the substrate, SK and oxidized mediator, MK  are defined as [23]: 
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2 4
2 4
cat
k k
k
k k


 (4) 
 
 
 
 
4 1 2
1 2 4
S
k k k
K
k k k
 

 (5) 
 
 
 
 
2 3 4
3 2 4
M
k k k
K
k k k
 

 (6) 
 
It should be noted that in equation (3) the stoichiometric coefficients for the substrate and product, S and 
P , respectively, are omitted  because they are equal for the case of reaction step (1), that is 1S P   . 
The steady-state kinetic rate equation (3) for GOD will be used later in the development of a mathematical 
model of the current response characteristics of amperometric mediated GOD biosensors.  
 
Electron transfer mechanism 
Many different types of enzyme biosensors for monitoring glucose have been constructed. Amperometric 
enzyme biosensors, where the redox-current is measured at a constant potential , are normally divided into 
three generations, first to third, depending on their electron transfer mechanism with the electrode [26]. 
The differences in the electron transfer mechanism are sketched in Figure 2. 
 
Figure 2 The difference in electron transfer mechanism between first- to third-generation amperometric enzyme biosensors: A) 
first-generation with oxygen as electron acceptor, B) second-generation with a redox mediator, C) third-generation with direct 
electron transfer to the electrode. 
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In first-generation GOD-biosensors the amount of glucose present in a solution is measured by either the 
rate of consumption of oxygen or the rate at which hydrogen peroxide is produced according to the main 
reaction scheme in (7): 
 2 2 2 2
glucose oxidase
glucose + O H O gluconic acid + H O   (7) 
 
The main disadvantage of first-generation glucose biosensors is that the response from the biosensors is 
sensitivity to interference in the oxygen concentration. 
The catalytical oxidation of glucose can be ´communicated´ to the electrode in another way by small 
electroactive molecules called mediators. These mediators work as electron transfer molecules between 
the prosthetic group of the enzyme and the electrode. Enzyme biosensors based on this mediated electron 
transfer (MET) principle are called second-generation amperometric enzyme biosensor. The main reaction 
scheme can be seen in (8): 
 ox red
glucose oxidase
glucose + M gluconic acid + M  (8) 
 
The reduced form of the mediator can then be oxidized at the electrode surface according to the electrode 
reaction: 
 red oxM M +n
f
b
k
k
e  (9) 
 
where ne is the number of electrons involved in the electrode reaction, fk  and bk  are the rate constants 
for the forward and backward electrode reaction, respectively. This provides electrical communication of 
the enzyme catalysis reaction to the electrode. The ideal mediator should react rapidly with the reduced 
enzyme and be stable in both its oxidized and reduced forms [27]. The advantages of using mediators is that 
the current response becomes, ideally, independent on the oxygen concentration and that the applied 
electrode potential can be reduced compared to first-generation enzyme biosensors. However, when using 
oxidoreductases, as in the case of GOD, then the rate constant for the reaction step of enzyme-mediator 
complex (reaction step 1.2) should also be sufficiently competitive with that of the natural mediator, 
oxygen, because oxygen will always be competing with any mediator for the role of electron acceptor to 
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the reduced form of the enzyme. Also by using a mediator one risks side reactions because the mediator 
may also oxidize other compounds in the solution. The redox potential of the mediator should provide an 
appropriate potential gradient for electron transfer between the active site of the enzyme and the 
electrode meaning that the formal redox potential of the mediator, 
0
ME

should be more positive than the 
redox potential of the active site of the enzyme, 
0
EE

 in the case of an oxidation current. This will be 
explained further in the section – Theory of amperometric enzyme biosensors with mixed mediator. 
In third-generation amperometric enzyme biosensors the electron transfer principle is based on direct 
electron transfer (DET) between the enzyme and the electrode. However, the enzymes active site is often 
buried deeply within the molecule and from a point of view from Marcus electron transfer theory [28, 29] 
this makes direct electron transfer difficult to achieve. One disadvantage of third generation enzyme 
biosensor is the often a more limited linear range compared to second generation MET-biosensors. 
 
Carbon Paste Electrodes 
Many different types of electrode material have been used in the construction of glucose enzyme 
biosensors. The most used electrode material in first-generation biosensors is platinum where both oxygen 
and hydrogen peroxide can undergo electrode reaction. For second-generation enzyme biosensors carbon 
paste electrodes (CPE) has found wide spread use [30-33]. Carbon paste electrodes typically consist of a 
mixture of graphite powder and a pasting liquid. The function of the graphite particles is to provide the 
electrical conducting material where the function of the pasting liquid, often paraffin or silicone oil, is to 
provide a binder material so a compact solid-like electrode matrix is obtained. The electrochemical 
property of CPE is determined by the physical/chemical properties of the graphite powder, the type of 
pasting liquid and the ratio between these. CPE has one advantage over conventional metal electrode 
surface; namely that oxide layers are not formed on the electrode surface. Furthermore, the graphite 
powder material is cheap and has many modification possibilities both with respect to the surface and the 
bulk. This has made CPE a popular electrode material for enzyme biosensor devices. The mediator can be 
mixed directly into the carbon paste and this way of electrode preparation for second-generation mediated 
amperometric enzyme biosensors have been shown to be very effective and easy. Many different types of 
mediators, both organic and inorganic have been utilized in these biosensors.  A comprehensive list of 
mediators used in carbon paste electrodes can be found in [31]. Many different types of immobilization 
techniques exist [34]. Most often the enzyme is immobilized on the surface of the carbon paste electrode 
that provides an effective adsorption surfaces for enzymes.  In this work a simple physical adsorption of 
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GOD was used as will be explained in the experimental chapter. Physical adsorption is by means of 
hydrophobic forces and hydrogen-bonding of the enzyme to the electrode surface.  
 
Theory of amperometric enzyme biosensors with mixed mediator 
In this section we will present a mathematical model of the catalytic steady-state current response for 
membrane-covered amperometric enzyme electrode with mixed mediator. There is good reason to go into 
detail with a model that describes the processes within enzyme biosensors; a model is an important tool to 
provide valuable insight and understanding of the mechanisms and processes involved in the biosensor 
function. The biosensor performance is often characterised by both kinetic parameters (rate constants, 
Michaelis constants, maximum current) and analytical parameters (linear range, detection- and upper limit, 
sensitivity, response-time). Understanding how these kinetic and analytical parameters are linked to the 
design of the enzyme biosensor is important in development and optimization of the device. The 
theoretical models thus provide a helpful diagnostic tool for the analysis of experimental data of the 
oxidation currents versus the concentration of substrate. 
However, before development of the relevant model for the enzyme biosensor used in this work we will 
briefly outline some different designs used generally for amperometric mediated enzyme biosensors. The 
reason is that the model is dependent on the type of design and it´s therefore important to be aware of 
these differences when comparing with the literature done in the field. Many of the first mediated enzyme 
biosensors consisted of an electrode immersed in the test solution with the enzyme and mediator 
homogeneous mixed in (or with only the mediator mixed in and the enzyme entrapped behind a 
membrane near the electrode surface). Today these types of devices do not have any real applications 
because of the step of having to mix in the mediator in every test solution. However, the experimental 
setup allows for fast screening of suitable non-covalent bonded mediators in testing new enzymes for 
biosensor application. The theory for homogeneous mediated enzyme biosensors are treated in e.g. [16] 
and references therein. In the terminology of Bartlett et al. [35] we will distinguish between membrane-
enzyme-electrodes where the enzyme is entrapped in a thin solution behind a semi-permeable membrane 
and enzyme-membrane-electrodes where the enzyme is immobilized within the membrane/polymer. The 
enzyme-membrane electrodes have from an earlier factory production point of view some advantages 
because the immobilization of the enzyme could be done in a single step which also was utilised in some of 
the first commercial glucose biosensors [36]. All of the mentioned biosensor designs have, however, one 
thing in common from the starting point of deriving a model; namely that the current response is linked to 
the coupling of the enzymatic reaction rate with the diffusion rate of substrate. This combination of mass 
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transfer effects coupled with reaction kinetics makes the theoretical treatment of the current response a 
complex problem. In the membrane-enzyme-electrode diffusion through the membrane and the enzyme 
reaction are spatially separated while in the enzyme-membrane-electrode both the diffusion and enzyme 
reaction occurs within the membrane and so in the same region of space. 
Here we will only discuss the model relevant for the types of biosensors constructed in this work. More 
precisely the model will be based on a membrane covered glucose oxidase-carbon paste electrode with 
mixed mediator, that is: a mediated membrane-enzyme-electrode. The model is based on the one 
presented by Ikeda et al. in  [37]. 
 
The model 
The assumptions for the model are that the sensing enzyme, here GOD, is efficiently entrapped behind a 
semi-permeable membrane and homogeneously distributed in a thin solution layer behind the membrane. 
The mixed mediator, here p-benzoquinone (BQ), in the carbon paste has been shown experimentally 
proven to be effectively dissolved at the electrode-solution interface [38]. This causes BQ molecules to mix 
in together with the GOD-enzymes in the solution layer behind the membrane. The BQ molecules will 
thereby participate in the enzymatic reaction as electron-acceptor and in its reduced form, hydroquinone 
as electron-donor in the electrode reaction. In the idealized case it can be assumed that the BQ molecules 
are also entrapped behind the membrane. It has been measured that BQ molecules diffuse out in the bulk 
solution over time in the order up to the µM-range over 24-hours depending on the mass percent of BQ 
mixed in the carbon paste [38]. However, any leakage of BQ though the membrane, which rate depends on 
the permeability of the membrane to the mediator, will be compensated by supply from the reservoir of 
BQ inside the carbon paste. Therefore the concentration of BQ in the solution layer here is assumed to be 
nearly constant. The ´active´ solution layer of immobilized GOD and BQ behind the membrane will hence 
forth be abbreviated as the enzyme/mediator-layer (in the literature this layer is often referred to as the 
reaction layer). 
Figure 3 shows a schematic illustration of the mediated bioelectrocatalytic oxidation process of a substrate 
to a product at a membrane covered GOD-BQ-CPE. The substrate from the bulk in the solution diffuses 
through first the convective-diffusion layer and then the membrane to reach the enzyme/mediator-layer. 
Here the enzymatic (ping-pong bi-bi) reaction is coupled with the electrode reaction because the reduced 
mediator from the enzyme reaction undergoes electrode reaction to regenerate the oxidized form of the 
mediator that again can take part in the enzymatic reaction. 
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Figure 3 Schematic illustration of the mediated bioelectrocatalytic oxidation process, in absence of oxygen, by the ping-pong bi-
bi mechanism of substrate to product in a membrane covered GOD-BQ-CPE (protons involved in the individual steps are omitted 
for simplification). Not drawn to scale. See main text for explanation of the individual steps. 
 
The kinetics of this bioelectrocatalytic reaction can be considered by writing up the enzyme catalysis 
reaction with the electrode reaction as defined as above: 
 1 2
1
ox redS+E ES P+E
k k
k
   (10) 
 
 3 4
3
red ox ox redE +M EM E +M
k k
k
   (11) 
 
 
f
b
k -
red oxk
M   M +2e  (12) 
 
where the reaction sequence goes as follows: 
Reaction step (10):  S  is oxidized by oxE and produces P  and redE  
Reaction step (11): redE  is oxidized by oxM  to regenerate oxE  and produces redM  
Reaction step (12): redM  is oxidized at the carbon paste electrode surface to regenerate oxM , 
resulting in an oxidation (anodic) current 
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These reaction steps in the enzyme/mediator-layer are coupled to the diffusion of the substrate and 
mediator in both the enzyme/mediator-layer and through the membrane. There are therefore, in general, 
concentration polarizations of the substrate and mediator in both the enzyme/mediator-layer and the 
membrane. We will start by treating the concentration polarization in the enzyme/mediator-layer and next 
incorporate the influence of the permeability of the membrane to see how these concentration 
polarization profiles affect the current response. 
 
Concentration polarization in the enzyme/mediator-layer 
The consumption of substrate, β-D-glucose from the enzymatic ping-pong bi-bi mechanism of immobilized 
GOD in the enzyme/mediator-layer will be given by the rate equation as described in the section ‘The 
sensing enzyme – GOD: 
 
1
S cat E
E
S M
S O
C k C
K Kt
C C


   

 
 (13) 
 
where the kinetic parameters, catk , SK  and MK are also defined. The open circle index in the 
concentrations indicates that it’s the concentration of the species in the enzyme/mediator-layer. It has 
been assumed that the enzyme concentration is homogenously distributed in the enzyme/mediator-layer 
so the total enzyme concentration doesn’t change in either time or space. However, the substrate 
concentration in the enzyme/mediator-layer is not homogenously distributed and is a function of both time 
and space. The change of the concentration of substrate with time, SC t   in a given region of space in 
the enzyme/mediator-layer is therefore dependent on both the enzymatic reaction rate, E , but also on 
the concentration change at that region, which is given by the flow divergence of substrate, SJ (the 
minus sign arises to give a positive value). The flow divergence can be understood as how much the flux of 
substrate (concentration gradient) changes in the space-region of interest. Equation (13) should therefore 
be replaced by: 
 
S
S E
C
t


  

J  (14) 
 
Enzyme Biosensors 15 
 
Equation (14) couples the enzyme-catalyzed reaction with the flow divergence in the enzyme/mediator-
layer. It should be noted that the enzymatic reaction rate, E , is still given by the right side of equation 
(13). Fick´s first law states that the flux is proportional to the concentration gradient: 
 S S SD C  J  (15) 
 
(the minus sign again arises to give a positive value of the flux). If equation (15) for the flux of substrate is 
inserted into equation (14) then: 
  S S S E
C
D C
t


  

 (16) 
 
The diffusion constant can normally be assumed to be independent of the flow direction so equation (16) 
reduces to: 
 
S
S S E
C
D C
t


  

 (17) 
 
The divergence of a gradient, , gives the Laplace operator, 2 , that in Cartesian coordinates is defined 
as: 
 
2 2 2
2
2 2 2
S S S
S
C C C
C
x y z
   
    
   
 (18) 
 
For the case of a planar electrode, as used in this work, a linear one-dimensional diffusion/mass-transfer 
can be assumed and equation (17) together with the expression for the enzymatic reaction rate, E  
reduces to: 
 
   
   
2
2
, ,
1
, ,
S S cat E
S
S M
S O
C x t C x t k C
D
K Kt x
C x t C x t
 
 
 
 
 (19) 
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Here x  and t  are the x -coordinate in the enzyme/mediator-layer and time, respectively. This is basically 
Fick´s second diffusion law coupled with the enzymatic ping-pong bi-bi reaction. Solution of equation (19) 
will yield the concentration profiles of the substrate  ,SC x t  in the enzyme/mediator-layer. The time 
variable can be eliminated by applying the steady-state condition,  , 0SC x t t    for t so: 
 
 
   
2
2
0
1
S cat E
S
S M
S O
d C x k C
D
K Kdx
C x C x
 
 
 (20) 
 
The steady-state condition implies that all rates in the form of individual diffusion and enzyme reaction 
steps in the enzyme/mediator-layer are equal. Equation (20) is a non-linear second-order differential 
equation where the non-linearity arises from the enzyme kinetic term. It should be noted that in equation 
(20) the inherent assumption, namely the steady state conditions, implies that the GOD-catalytic reaction 
only causes negligible change in the substrate concentration. 
The governing equations for the concentration profiles of substrate, product, oxidized and reduced form of 
the mediator in the enzyme/mediator-layer for the case of a mediated GOD-BQ-CPE can then be described 
by: 
 
 
   
2
2
0
1
S cat E
S
S M
S O
d C x k C
D
K Kdx
C x C x
 
 
 (21) 
 
 
 
 
   
2
2
0
1
P cat E
P
S M
S O
d C x k C
D
K Kdx
C x C x
 
 
 (22) 
 
 
 
   
2
2
0
1
O cat E
O
S M
S O
d C x k C
D
K Kdx
C x C x
 
 
 (23) 
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 
   
2
2
0
1
R cat E
R
S M
S O
d C x k C
D
K Kdx
C x C x
 
 
 (24) 
  
where jD and jC  are the diffusion constant and concentration of species j in the enzyme/mediator-layer (
j S for substrate, P  for product, O  for oxidized mediator and R  for reduced mediator). 
The steady-state current is linked to these concentration profiles as will be explained below. Equation (21) 
to (24) can been solved for either approximated analytical solutions or simulated by electrochemical digital 
techniques. A review of different digital simulation approaches for the current response is given in [35] and 
comparison of simulation studies with experimental results for different biosensors designs is discussed in 
[39]. Here we will outline and discuss the work done for BQ-CPE´s for both digital simulation [37], 
approximate analytical solutions [38, 40] and experimental results [38, 41-43]. 
 
The steady-state current, ssI  , is found from the flux  of the mediator at the electrode surface according to 
Faraday’s law of electrolysis as [44]: 
    0 0ss R O
I
J x J x
nFA
      (25) 
 
where 0x   indicates the electrode surface. It follows from Fick’s first law that equation (25) can be 
written as: 
    
0 0
R Oss
R O
x x
dC x dC xI
D D
nFA dx dx
 
   
     
   
 (26) 
 
It´s important to note that the sign in the fluxes arise solely due to the convention used for the current. In 
this work we took the anodic (oxidation) current as positive so in that case the flux of the reduced mediator 
at the electrode surface is taken as negative. The steady-state current can also by written by the rates of 
the electrode reaction of the mediator as given by the electrode reaction step (12) as: 
    0 0ss f R b O
I
k C x k C x
nFA
     (27) 
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where 
fk  and bk  are the rate constants for the forward (oxidation) and backward (reduction) electron 
transfer reaction at the electrode surface, respectively. These rate constants are called heterogeneous due 
to the fact that the reaction occurs over the solution-electrode interface. These can be given by the Butler-
Volmer equation as a function of the electrode potential [44]: 
  0 0expf app Mk k nf E E      (28) 
  
    0 0exp 1b app Mk k nf E E       (29) 
 
where 0k  is the standard rate constant, α is the transfer coefficient, appE  is the applied potential, 
0
ME

is 
the formal redox potential of the mediator and f F RT is a constant defined by the ratio of Faraday’s 
constant to the gas constant and temperature. It follows that the ratio of the two heterogeneous rate 
constants is given by: 
  0expf app M
b
k
nf E E
k
     (30) 
 
It can been seen from equation (30) that the applied electrode potential, appE  can be adjusted to drive the 
electrode reaction in either the forward or backward direction e.g. for the case of a applied potential, 
0
app ME E

   that satisfy the condition f bk k  then only oxidation of the mediator at the electrode will 
occur and the steady-state current reaches a limiting value, ,limssI that is independent of the applied 
electrode potential. This also implies that at the electrode surface the concentration of reduced mediator is 
zero, that is  0 0RC x   . Moreover it is assumed that the electrode kinetics of the electron-transfer is 
much faster than the enzyme kinetics, so the electrode kinetics is not rate limiting. If the membrane is 
impermeable to mediator (ideal case) then the flux of the mediator at the inner side at the membrane 
interface at the enzyme-mediator-layer, x l , is zero so: 
 
 
0
R
R
x l
dC x
D
dx

 
 
 
 (31) 
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Under this assumption and the steady-state condition, all the fluxes are equal, it then follows that: 
 
   
   
0
0R S
R S
R S
x x l
J x J x l
dC x dC x
D D
dx dx
 
     
   
   
   
 (32) 
 
where  SJ x l is the flux of substrate at the enzyme/mediator-layer membrane interface. This means 
that for the case of high positive potential to give a limiting steady-state current and boundary condition of 
equation (32) then equation (26) can be written as: 
 
   ,lim
0
ss R S
R S
x x l
I dC x dC x
D D
nFA dx dx
 
   
    
   
 (33) 
 
This equation tells that under the given assumptions and boundary conditions the steady-state limiting 
current is a function of the concentration gradient of substrate at the enzyme/mediator-layer membrane 
interface at x l . To simplify the problem we will only consider two cases, namely when then 
concentration of the oxidized form of the mediator or the substrate is in excess. For these two cases the 
equation for the enzyme reaction rate is simplified and can be regarded as a function of only one of the two 
reactants, substrate or mediator. We will start by treating the case when the concentration of mediator is 
in excess. 
 
The enzyme reaction rate is zero order with respect to the concentration of mediator 
If it’s assumed that the concentration of mediator in the enzyme/mediator-layer is in excess to satisfy the 
conditions 1M MK C then equation (13) for the enzyme reaction rate is reduced to: 
 
 
1
cat E
E
S
S
k C
K
C x
 

 (34) 
 
and it follows that equation (21) reduces to: 
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 
 
2
2
1
S cat E
S
S
S
d C x k C
D
Kdx
C x


 (35) 
  
Equation (35)  is still a non-linear second-order differential equation which can´t be solved analytically. So 
to proceed further one obvious way is to do like in treatments of ‘normal’ enzyme kinetics. Here two cases 
are considered for equation (34) , namely when the substrate concentration is much greater than the 
Michaels constant for the substrate ( S SC K ) and when the substrate concentration is much lower than 
the Michaels constant for the substrate ( S SC K ).  
 
Zero order in respect to the substrate 
This is the case for high substrate concentration in the enzyme/mediator-layer.  By applying the condition 
of S SC K  equation (35) reduces to: 
 
 2
2
S
S cat E
d C x
D k C
dx
  (36) 
 
Integration of equation (36) gives: 
 
 
1
S cat E
S
dC x k C
x A
dx D
   (37) 
 
where 1A  is the integration constant. To determine the constant 1A  we assume that the substrate is not 
electroactive for the given applied electrode potential. This gives the boundary condition: 
 
 
0
0
S
x
dC x
dx

 
 
 
 (38) 
  
Applying this boundary condition to equation (37) gives 1 0A   so: 
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 S cat E
S
dC x k C
x
dx D
  (39) 
 
Now the concentration profile for the substrate in the enzyme/mediator-layer can be found by integration 
of equation (39) by using the boundary condition that at x l  then    S SC x C x l   so: 
      2 2
2
cat E
S S
S
k C
C x C x l l x
D
     (40) 
 
The concentration polarization of species in the enzyme/mediator-layer in both simulation studies and 
approximate analytical solutions are normally set to be depended on a parameter called the Thiele 
modulus, , defined as [37, 45, 46]: 
 
2
2 cat E
S
S S
k C l
K D
   (41) 
 
where S  in this case is the Thiele modulus for the substrate. The other constants have been defined 
before. The Thiele modulus, here explained in the case of the substrate, represent a dimensionless ratio 
that essentially compares the enzyme reaction rate, enzyme cat E Sk C l K  , to the diffusion rate, 
diffusion D l 
1, of the substrate though the enzyme/mediator-layer2. It´s noted that when 1S  then 
the enzyme rate is much smaller than the diffusional rate of substrate in the enzyme/mediator-layer (so 
essentially no concentration polarization). In that case the electrode/biosensor is said to be under enzyme-
kinetic-control. If 
2 1S  on the other hand then the enzymatic rate is much higher than the diffusional 
rate through the enzyme/mediator-layer and the response from the electrode is said to be under diffusion-
(mass transfer)-control. Dividing equation (40) with Ks and rearranging gives: 
 
    22
1
2
S S S
S S
C x C x l x
K K l
    
       
 (42) 
 
                                                          
1
 The diffusion rate is also sometimes referred to as the mass-transfer coefficient and can be regarded as the solution-
permeability to the substrate in the enzyme/mediator-layer. 
2
 The Thiele modulus is also referred to as the diffusion modulus and the physical interpretation is analogy to the 
Damkoehler number, which is the ratio of the maximum reaction rate to the maximum flux through a diffusion layer. 
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Now the concentration profile of the substrate in the enzyme/mediator-layer is set to depend on the Thiele 
modulus for the substrate. The terms,    ,norS S SC x K C x  and    
,nor
S S SC x l K C x l   are 
called the normalized substrate concentrations and it´s noted that these are dimensionless. The term x l is 
the ratio of the distance x and the total length of the enzyme/mediator-layer. This can be set equal to a 
dimensionless length defined as X x l  where 0 1X  and it´s noted that when 1X x l   . Using 
these definitions equation (42) can be written like: 
      
2
, , 21 1
2
nor nor S
S SC X C X X

     (43) 
 
The concentration profile of the substrate in the enzyme/mediator-layer is thereby for the case of 
S SC K given by a parabolic equation which form is determined by the Thiele modulus for the substrate. 
In its normalized form equation (43) gives: 
 
 
   
 
, 2
2
, ,
1 1
1 2 1
nor
S S
nor nor
S S
C X
X
C X C X

  
 
 (44) 
 
Due to the constrains that    , ,0 1 1nor norS SC X C X   , 
20 1 1X   and S SC K  it follows that 
 2 ,2 1norS SC X   has to be fulfilled for equation (44) to be valid. This is because the approximation 
S SC K  has to be fulfilled in the whole space-region of the enzyme/mediator-layer. By defining a new 
constant as:  
 
 
2
,2 1
S
nor
SC X

 

 (45) 
 
that has the constraint 0 1 then equation (44) can be rewritten as: 
 
 
 
 
,
2
,
1 1
1
nor
S
nor
S
C X
X
C X
  

 (46) 
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By plotting equation (46) (the normalized dimensionless form of equation (40)) for different values of   
(where different values of   should be understood as changing S  and keeping  
, 1norSC X  constant) in 
the range 0 1X  one can obtain information about the ‘characteristic’ form of the concentration profile 
without concern about any ‘true’ values of the different parameters that enters into equation (40) . 
However, as may be seen by inspection of equation (46) then the concentration polarization in the enzyme-
mediator-layer will be negligible because that for 1  equation (46) reduces to: 
 
 
 
,
,
1
1
nor
S
nor
S
C X
C X


 (47) 
 
From equation (47) it can be seen that the concentration of substrate will be homogeneously distributed in 
the case where S SC K  and thereby almost no concentration polarization in the enzyme/mediator-layer. 
 
The steady-state limiting current can be found by equation (33) under the assumption that the mediator is 
efficiently entrapped in the enzyme/mediator-layer behind the membrane. Inserting the result of equation 
(39) into equation (33) gives: 
 
 ,lim
E
ss S cat E
S S cat E cat
S x lx l
I dC x k C
D D x k C l k
nFA dx D

   
       
  
 (48) 
 
where E EC l   is the amount of ‘active’ immobilized enzyme per unit surface area of the electrode. The 
expression on the right side of equation (48) is essentially similar to the maximum ‘limiting’ rate, 
max cat EV k C , for saturated enzyme kinetics. It follows that equation (48) thereby gives the maximum 
value of the steady-state limiting current,
max
,limssI , defined as: 
 
max
,lim Ess catI nFAk   (49) 
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This stresses an important point, namely that maximum value of the steady-state limiting current of the 
biosensor is proportional to both the surface area of the electrode, catk and the amount of immobilized 
enzyme, E .  
 
First order in respect to the substrate 
This is the case for low substrate concentration in the enzyme/mediator-layer.  By applying the condition of 
S SC K  equation (35) reduces to: 
 
 
 
2
2
S cat E
S
S S
d C x k C
C x
dx K D
  (50) 
 
Equation (50) is a linear second-order differential equation which general solution can be written in terms 
of the Thiele modulus as [47]: 
 
  2 2
2 2
sinh cosh
sinh cosh
cat E cat E
S
S S S S
S S
k C k C
C x A x B x
K D K D
x x
A B
l l
 
   
    
   
   
   
    
   
 (51) 
 
where 2A  and 2B  are constants that is determined by the boundary conditions. To determine these we 
start by differentiating equation (51) and remembering that the hyperbolic function doesn’t change sign 
upon differentiating: 
 
 
2 2cosh sinh
S S S S S
dC x x x
A B
dx l l l l
      
    
   
 (52) 
  
Then by using the boundary condition that the substrate is not electroactive: 
 
 
0
0
S
x
dC x
dx

 
 
 
 (53) 
 
that gives  
Enzyme Biosensors 25 
 
    2 20 cosh 0 sinh 0A B   (54) 
 
Because  cosh 0 1 and  sinh 0 0 that implies from equation (54) that 2 0A  . By applying the 
boundary condition that    S SC x C x l  at x l  then the constant 2B  can be determined from 
equation (51) to be: 
 
   
 
 
2
2
cosh
cosh
S S
S
S
C x l B
C x l
B


  


 (55) 
 
The concentration profile for the substrate in the enzyme/mediator-layer for the case S SC K is 
therefore given by: 
    
 
cosh
cosh
S
S S
S
x
l
C x C x l


 
 
    (56) 
 
Writing in its normalized dimensionless form equation (56) gives [40]: 
 
 
 
 
 
,
,
cosh
1 cosh
nor
S S
nor
S S
C X X
C X




 (57) 
 
where as before 0 1X   and when 1X x l   . The curves for different values of the Thiele modulus 
for the substrate are plotted in Figure 4. It can be seen for 5S   then the concentration of substrate 
near the electrode surface is nearly zero and there is a high substrate polarization in the enzyme/mediator-
layer. On the other hand when S  approaches zero then the concentration polarization of the substrate in 
the enzyme/mediator-layer becomes negligible as expected. 
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Figure 4 Normalized dimensionless concentration profile for the substrate in the enzyme/mediator-layer under the assumption 
that M MC K and S SC K . The curves are calculated from equation (57). 
 
The steady-state limiting current can again be found by equation (33) under same assumption that the 
mediator is efficiently entrapped in the enzyme/mediator-layer behind the membrane. The concentration 
gradient is found from insertion of the two constants, 2 0A  and    2 coshS SB C x l   in equation 
(52), that gives: 
 
 
 
 
sinh
cosh
S S
S
S
S
x
dC x l l
C x l
dx
 

 
 
    (58) 
 
Inserting the result of equation (58) into equation (33) gives: 
 
 
 
 
   ,lim
sinh
tanh
cosh
S S
ss S S S
S S S S S
Sx l
x l
x
I dC x Dl l
D D C x l C x l
nFA dx l
 





  
           
  
 
 
 (59) 
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Equation (59)  gives the steady-state limiting current for the case where both M MC K and S SC K . 
Next we will consider two cases for equation (59). When 1S  (the enzyme rate is much smaller than 
the diffusional rate of substrate in the enzyme/mediator-layer) there is essentially no concentration 
polarization in the enzyme/mediator-layer as also seen from Figure 4. For 1S  then  tanh S S  and 
equation (59) reduces to: 
    ,lim 2 Ess S catS S S
S
I D k
C x l C x l
nFA l K


     (60) 
 
Rearranging equation (60) gives: 
  E,lim
cat
ss S
S
nFAk
I C x l
K

   (61) 
 
 It´s noticed that equation (61) can be written in terms of maximum value of the steady-state limiting 
current (
max
,limssI ) defined in equation (49) so: 
  
max
,lim
,lim
ss
ss S
S
I
I C x l
K
   (62) 
 
This is the current response when the unsaturated enzyme reaction is rate limiting. The expression on the 
right of equation (62)  is essentially similar to the rate expression found for unsaturated enzyme kinetics for
S SC K  where maxE S SV C K  . This is why the electrode is said to be under enzyme-kinetic-control 
under the given conditions. 
When 1S (the enzyme rate is much higher than the diffusion rate of substrate in the 
enzyme/mediator-layer) there is a high concentration polarization in the enzyme/mediator-layer and it 
follows that  tanh 1S   and equation (59) then reduces to [47]: 
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 
 
,lim
,lim
ss S S
S
S cat E
ss S
S
I D
C x l
nFA l
D k C
I nFAC x l
K

  
 
 (63) 
 
This is the current when most of the substrate is consumed before it reaches the surface of the electrode. 
The electrode is said to be under diffusion-(mass transfer)-control.  
 
Neither first or zero order in respect to the substrate 
In the case where the enzymatic rate is neither first nor zero order with respect to the substrate then 
equation (34) can´t be solved analytically. The findings of the current response in equation (49) and 
equation (62) where saturated and unsaturated enzyme kinetics were rate limiting suggest that an 
approximate expression for the steady-state limiting current should have the same form as Michaelis-
Menten kinetics for small concentration polarization in the enzyme/mediator-layer. This is because of the 
similarities of the equations for the current response and enzymatic rate for the two cases. This could also 
be expected because we started by assuming that the electron-transfer to the electrode was much faster 
(and thereby not rate limiting) than the enzyme kinetic steps involving the oxidized form of the mediator. 
The approximate equation is presented in equation (64) [16]: 
 
 
max,
,lim
,lim
1
app
ss
ss app
S
S
I
I
K
C x l



 (64) 
 
where 
max,
,lim E
app app
ss catI nFAk   and the apparent catalytic constant, 
app
catk and apparent Michaelis constant, 
app
SK are introduced to take into account the concentration polarization of the enzyme/mediator-layer to 
the substrate. It should be noted that equation (64) is still only valid when the mediator concentration is 
high enough to satisfying the conditions M MC K .  Equation (64) can be written in its dimensionless form 
as: 
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 
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 
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,lim ,lim,lim
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ss ssss
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ss S S
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I II
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C X
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The approximated (empirical) equation (65) was verified by Ikeda et al. [37] in a simulation study by the 
Runge-Kutta method. 
It should be noted that the apparent constants is always larger than the corresponding ‘true’ kinetic 
constant. The ratios of 
max, max
,lim ,lim
app app
ss ss cat catI I k k  and 
app
S SK K  can be found for different values of S  
from table 1 in [37] e.g. for 0.1S   then the error in both 
max, max
,lim ,lim
app
ss ssI I and 
app
S SK K is less than 1% 
over the whole substrate concentration range. This simply means that 
max, max
,lim ,lim
app
ss ssI I  and 
app
S SK K  for 
0.1S  . 
 
It should be noted that a non-differential approach can be found from that the steady-state fluxes of the 
reactions in the enzyme/mediator-layer and transport of substrate across the membrane can be set equal 
under the assumption of no concentration polarization in the enzyme/mediator-layer. The results from this 
approach are identical to the result obtained here for the case where 1S . This steady-state flux- 
approach is considered in detail in [47-49]. 
 
The enzyme reaction rate is zero order with respect to the concentration of substrate 
If it’s assumed that the concentration of substrate in the enzyme/mediator-layer is in excess to satisfy the 
conditions 1S SK C  then equation (13) for the enzymatic rate can be simplified to: 
 
 
1
cat E
E
S
O
k C
v
K
C x


 (66) 
 
It can be seen that equation (66) together with equation (23) can be solved in exactly the same manner as 
described for the case with 1M OK C just with changed boundary conditions and a Thiele modulus 
30 Development of Isothermal Microcalorimetry with in-situ Electrochemical Enzyme Sensors 
 
defined for the mediator instead of the substrate. The concentration polarization of the mediator is then 
analog to the case for the substrate just with the x-axis reversed. It thus follows that the current response 
can be found as a function of the concentration polarization of the oxidized form of the mediator in the 
enzyme/mediator-layer. A more detailed discussion can be found in [37]. Here the discussion is not so 
important because in this work the concentration of mediator was kept constant as will be explained in the 
Experimental section. 
 
The general case 
The general case where neither 1S SK C or 1M OK C  is satisfied then the enzymatic rate is given by 
equation (13). This case has also briefly been discuss in [37]. Here a general approximate equation for the 
steady-state limiting current was suggested [37]: 
 
 
max
,lim
,lim
1
ss
ss
S M
S O
I
I
K K
C x l C

 

 (67) 
 
It is stated in [37] that equation (67) probably is valid when the concentration polarizations of both the 
substrate and mediator in the enzyme/mediator-layer is very small. 
 
Concentration polarization in the membrane 
The influence on the permeation rate of the substrate through the membrane can be incorporated by 
realizing that under the steady-state condition all the fluxes are equal and thereby that the flux at x l of 
the substrate is also equal the flux of substrate through the membrane at mx l l  . The situation is 
illustrated schematically in Figure 5. 
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Figure 5 Substrate flux through the membrane. See main text for explanation. 
 
The flux of substrate through the membrane is related to the concentration gradient of substrate in the 
following manner: 
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    
    
    
 (68) 
  
where the index mem in the concentrations means inside the membrane at location x , the 'C is the 
concentration at the membrane- convective diffusion layer interface, 
membrane solution
S S SC C  is the 
partition coefficient (here taking as equal for both the enzyme-layer into the membrane and the partition 
coefficient from the bulk solution into the membrane for simplicity) and 
mem
S S S mP D l is the 
permeability of the membrane to the substrate. The flux through the membrane can by related to the flux 
trough the convective diffusion layer in the solution in the same manner as just described, the result is: 
     
   * '' S S m
S S m S S
C x C x l l
P C x l l C x l D

    
      (69) 
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where   is the thickness of the convective-diffusion layer and  
*
SC x    is the bulk concentration of 
substrate. Under sufficient high stirring rates then no concentration polarization in the convective-diffusion 
layer occurs and the surface concentration on the membrane outside is equal to the bulk concentration of 
substrate,    ' *S m SC x l l C x    . It should be pointed-out that some preliminary experiments in 
[45] showed that the stirring of the bulk solution mainly serves as to keep the concentration of substrate at 
the membrane-solution interface constant rather than influencing the transport of substrate through the 
membrane. This stresses an important point, namely that the solution have to be stirred if no convection 
layer should be build up.  Under the condition when the convective diffusion layer is negligible the general 
flux equation is thereby given by: 
 
     *
0
SR
M S S S S
x x l
dCdC
J D D P C x C x l
dx dx 
  
          
   
 (70) 
 
It follows from the above discussion and equation (70) that the steady-state limiting current under high 
stirring rates is related to the permeation rate of substrate through the membrane as: 
     ,lim *ss S S S
I
P C x C x l
nFA
      (71) 
 
Equation (71) can be rewriting in its normalized form as: 
 
     ,lim *, ,max 2
,lim
1
ss nor norS
S S
ss S
I
C X C X
I


 
     
 
 (72) 
 
where  S S SP D l  is a parameter that essentially compares the permeation rate of substrate through 
the membrane, SP , to the diffusion rate of substrate through the enzyme/mediator-layer, SD l . It follows 
that the ratio 
2
S S   then basically compares the permeation rate of substrate through the membrane to 
the enzyme reaction rate in the enzyme/mediator-layer due to the definition of 
2
S  (see equation (41)). 
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When 
2 1S S   the enzyme reaction rate in the enzyme/mediator-layer is much faster than the 
permeation rate of substrate through the membrane. It follows that under this condition then 
 , 1 0norSC X   and equation (72) reduces to: 
  ,lim *,max 2
,lim
ss norS
S
ss S
I
C X
I


 
   
 
 (73) 
 
This is the current response when the permeation rate across the membrane is rate limiting and the 
electrode said to be under permeability-control. It can be seen from equation (73) that under this condition 
then there are a linear dependence of the steady-state limiting current on the bulk substrate concentration 
that is independent of the enzyme reaction rate. It should be noticed that equation (73) is only valid at low 
substrate concentrations because at high substrate concentrations then the steady-state limiting current 
will be dependent on both the enzyme kinetics and permeation rate. This case will be considered in next 
section. 
 
When 
2 1S S   then the enzyme reaction rate is much slower than the permeation rate through the 
membrane (this is the case of high membrane-permeability to the substrate e.g. by a very thin membrane) 
and    , *,1nor norS SC X C X   , then equation (65) gives: 
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S
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 (74) 
 
Under these conditions then the electrode is said to be under enzyme-kinetic-control. It can be seen from 
equation (74) that the steady-state limiting current dependences on the bulk substrate concentration 
should follow a simple Michaelis-Menten-type model. 
 
Coupled effects on the current response from both the permeation rate and enzyme kinetics 
The overall steady-state limiting current is given by a combination of both the permeation rate and enzyme 
kinetics (equation (65) and equation (72)), that is: 
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 (75) 
 
Equation (75) can be solved to eliminate  , 1norSC X   and thus change the dependence of the normalized 
steady-state limiting current, 
max
,lim ,limss ssI I to be a function of only the bulk substrate concentration, 
 *,norSC X   . The elimination of  
, 1norSC X   
gives: 
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where  *, *,nor norS SC C X  . Equation (76)  is a quadratic equation in the normalized steady-state 
limiting current with two possible solutions given by: 
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where 
2
S Sa   , 
app
S Sb K K  and 
max, max
,lim ,lim
app
ss ssc I I . It can be seen by inspection of equation (77) 
that only the negative square root gives physical meaning because the current response should reach it 
maximum value 
max, max
,lim ,lim
app
ss ssI I for 
*,nor
SC  . The solution is thereby given by: 
 
   
22*, *, *, *, 2
,lim
max
,lim
2 2 21
2
nor nor nor nor
S S S Sss
ss
ac C b ac acC abc C bC bI
I a
       
  (78) 
 
The plot of the overall steady-state limiting current response, equation (78) for a constant values of S , 
S  ,  
app
S SK K and 
max, max
,lim ,lim
app
ss ssI I  (where the value of the two kinetic parameter ratio is taking from table 
1 in [37]) can be seen in Figure 6. The plot for overall steady-state limiting current, equation (78), shows 
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that the steady-state limiting current first increases linearly with increasing substrate concentration but 
then deviates downward to finally reach its maximum value. In the figure is also shown the plot of the two 
limiting cases when the biosensor is under permeability-control, equation (73), and when its under enzyme-
kinetic-control ,equation (74), for comparison.  It can be seen, as intuitively guessed, that the overall 
steady-state limiting current is always lower than either of the two limiting cases. 
 
Figure 6 Theoretical plot of the normalized steady-state limiting current versus the normalized bulk concentration of substrate 
when the response is controlled by the rate of diffusion of substrate through the membrane, the enzyme kinetics and the overall 
response. The parameters was set to 0.4S  , 2S  , 1.93
app
S SK K   and 
max, max
,lim ,lim 1.08
app
ss ssI I  . 
 
The effect of varying the permeability of the membrane on the overall steady-state limiting current vs. the 
bulk substrate concentration can be seen in Figure 7 from of plot to equation (78) when varying S and 
keeping S sigma constant. By using less and less permeable membrane (lower and lower value of S ) it 
can be seen that the enzyme-kinetics play a less and less dominated role. It should be noted that the same 
tendency of change in current response is seen when varying S and keeping S  constant; lowering S  
has the same effect as higher permeability and higher S  has the same effect as lowering the permeability. 
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Figure 7 The effect on the steady-state limiting current response by variation in the permeability of the membrane here by 
varying S and keeping S constant in equation (78). When 2S   the electrode becomes enzyme-kinetic-controlled 
already at low substrate concentrations.  The next curves show the effect of gradually using less and less permeable membrane 
to the substrate. When 0.05S   the electrode is under permeability-control in the whole substrate concentration range 
considered. S  and the kinetic parameter ratios was set to the same as those in Figure 6. 
 
Equation (78) is however not readily useful to obtain kinetic parameters from experimental curves of the 
steady-state current response as a function of the bulk substrate concentration. Information can be 
obtained from limiting cases of equation (78) instead. We have already considered two limiting cases, 
namely the cases for low- and high permeability of the membrane. From equation (78) the slope of the 
normalized steady-state limiting current, 
max
,lim ,limss ssI I  vs. the normalized bulk concentration of substrate, 
*,nor
SC  for  
*, 0norSC   is given by: 
 
 
   
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max
,lim ,lim
*, 2 max, max
,lim ,lim
0
1
nor
S
ss ss
nor app app
S S S S S ss ss
C
d I I
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 (79) 
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In its non-normalized form equation (79) therefore predicts that at low substrate concentration: 
 
*
,lim
E1
S S
ss app app
S S cat
nFAP C
I
K P k

 
 (80) 
 
Equation (80) can be used to fit a plot of the steady-state limiting current as a function of the amount of 
immobilize enzyme, E . From a non-linear regression fit of experimental curves of ,limssI  vs. E  , at a 
constant and low substrate concentration, to equation (80) one can estimate the permeability constant, 
SP , and the ratio 
app app
S catK k [38]. 
 
Closing remark 
One important thing to stress from this section is that when the diffusion of the mediator through the 
membrane cannot be neglected then the boundary condition of equation (31) is not valid and the approach 
presented here will not be a correct description of the steady-state current. This problem have been 
considered by Senda et al. [40] by introducing a collection factor that takes into account the ratio of 
reduced mediator measured by the electrode to the total amount of reduced mediator produced by the 
enzymatic reaction. This case will not be discussed here where it’s just noted that out-diffusion of the 
mediator through the membrane will make the steady-state current response drop compared to the ideal 
case where the mediator is effectively entrapped behind the membrane. Other solutions to cases where 
e.g. the enzyme-mediator reaction step is rate limiting, diffusion of the enzyme in the enzyme/mediator-
layer, inhibition of the sensing enzyme, modeling of the response-time can be found in [47] and references 
within. 
The steady-state current, ssI  versus applied potential, E  curves, at a substrate concentration below 
max
,limssI  
is sigmoidal. The sigmoidal -form of the experimental curves can be analysed to gain information about 
characteristic parameters for the biosensor [37]. This will however not be considered further in this work 
where we are only interested in keeping the electrode at a potential where the steady-state is limiting and 
thereby independent of the applied potential. 
 
Biosensor characteristics  
Biosensor characteristics are often reported in terms of analytical performance parameters found from 
calibration experiments. In these calibration experiments the current is continuously measured as a 
38 Development of Isothermal Microcalorimetry with in-situ Electrochemical Enzyme Sensors 
 
function of time while aliquots of the substrate are injected stepwise to the test solution. The analytical 
parameters found from analyzing the resulting calibration curves includes the linear range, lower- and 
upper detection limits, sensitivity, steady-state response-time and selectivity of the biosensor. Before 
defining these parameters we start by describing what is actually meant by the steady-state current from 
the experimentalist point-of-view. The steady-state current response, ssI , is defined as the step variation 
in the measured current, I , to a step variation in the bulk substrate concentration, 
*
SC . The following 
section is based on the recommended definitions for electrochemical biosensors by IUPAC [50]. 
 
The linear range 
One of the most important analytical parameters when using enzyme electrodes as an analytical tool is the 
linear relationship between the current output and substrate concentration. The linear concentration range 
is determined on the basis of a plot of the steady-state currents vs. the substrate concentration. The 
steady-state current is normally corrected for the background current so the zero current at zero 
concentration point can be included. The linear range is defined on basis of two substrate concentration 
values, namely the lower- and upper detection limits. 
 
Detection limits 
The upper detection limit is in this work defined as the substrate concentration to give a ‘sufficiently’ high 
coefficient-of-determination (R2) to a linear regression fit to the linear range.  
The lower detection limit is here defined as when the signal-to-noise (S/N) ratio is equal to some 
acceptable value. It follows that the lower detection limit therefore requires knowledge of both the 
standard deviation of the short-time-noise and of the slope of a linear regression fit to the linear range of 
the calibration curve. It should be noted that if the background current is not corrected for, then a lower 
detection limit is found, because it follows from its definition that it is the smallest current change that is 
‘significantly different’ from the background current. Other definitions of the lower detection limit (also 
called the limit of detection) is discussed in [51] and for particular biosensors in [52] and references within. 
One important point to note in is that the noise-level is controlled partially by the current-range selected 
on the potentiostat and at very low currents also the bit-resolution of the analog-to-digital converter from 
the potentiostat to the computer. The experimentalist can thus improve the noise-level, and thereby the 
lower detection limit, in an easy way by selecting a ‘proper’ current-range. A ‘proper’ current-range should 
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here be understood as that the highest current possible to measure at the current-range selected should be 
just above the highest current expected to be measured under the given experimental conditions. 
 
Sensitivity  
The sensitivity, , is defined as the slope of the linear range. This means that the sensitivity for a biosensor 
is given by: 
 
*
ss
j
j
I
C




 (81) 
 
where j indicates the substrate of interest. This is because the biosensor is not only selective to one 
substrate. See further discussion in the section of Selectivity and Interference. The sensitivity is normally 
expressed to take into account the geometric surface area of the electrode, so often the sensitivity is seen 
expressed in units like 2mA mM cm (current ‘surface’ density pr. unit concentration). It follows directly 
from the definition of the lower detection limit that a higher sensitivity of the biosensor also gives a lower 
detection limit. 
 
Response-time  
The steady-state time response is defined as the time necessary for the current to reach 90% of the steady-
state current. The response-time of the sensor is mostly dependent on the mixing condition of the test 
solution and if the enzyme electrode is covered with a membrane or not. In general, when enzyme 
electrodes are used in continuous-mode then the response time of kinetic measurements should be fast 
enough to follow the concentration change by the reaction of interest. Electrochemical enzyme electrodes 
usually have slower response time compared to other methods such as spectrophotometry, and generally 
electrochemical enzyme electrodes are not suitable for kinetic measurements. However, the enzymatic 
hydrolysis of cellulose is a relatively slow process so here the slow response time of the electrochemical 
enzyme electrode is not important. 
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Selectivity and Interferences  
The selectivity of an enzyme electrode is determined mainly by the specificity of the sensing enzyme. The 
selectivity is determined by conducting calibration experiments of the biosensor for each known substrate 
of the sensing enzyme and report the characteristic analytical parameters for each substrate as just 
described. However, all oxidizable compounds in the test solution can be oxidized at the electrode surface 
at some given potential.  Oxidizable compounds can thus cause interference in the current signal under a 
positive applied potential because then the current signal will is no longer only be dependent on the 
electrode reaction with the mediator. Using as low a positive applied potential as possible minimizes the 
interference from these oxidizable compounds, but if the potential is reduced below where the limiting 
current value is obtained this also reduces the sensitivity of the biosensor. Two other ways can be utilize to 
minimize the interference from electroactive compounds. One way is by using a differential setup where 
two biosensors is combined in parallel and one of them is a ‘compensating’ sensor, meaning a sensor 
without the enzyme immobilized but otherwise constructed similar, can be utilized to measure 
continuously the interference in the current-signal. The ‘resulting’ current is thus found by eliminating the 
interference-current by subtracting of the two measured currents. The second way to improve the 
selectivity is by a proper choice of either a prefabricated membrane or by using a coating/film on the 
electrode surface to protect this against electroactive compounds by means of both size and charge of the 
electroactive compound. This topic will be discussed late in the Perspectives section. 
Interference in the current-signal can also arise from inhibition of the sensing enzyme. If this is suspected 
then separate calibration curves for each suspected inhibition-compound at their expected concentration 
must be conducted and compared to the sensitivity from the biosensor when the inhibition compound is 
not present. 
 
Reproducibility, Stability and lifetime 
The reproducibility of the current signal of the biosensor is in this work understood as the standard 
deviation in the sensitivity, to a given substrate (in the case of a GOD biosensor, then β-D-glucose), over a 
given number of calibration experiments. 
Lifetime stability is normally differed by two different types, namely the storage- and ‘operational’ lifetime 
stability. The inherent lifetime stability is dependent on parameters like electrode material, type of 
mediator used, biosensor design and electrode preparation method. The most important parameter for the 
lifetime stability is the stability of the sensing enzyme (loss of activity). Other parameter includes the 
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stability of the membrane and out-diffusion of mediator. The storage and ‘operational’ lifetime stability of 
the biosensor is also dependent on the conditions the biosensor is stored/used under e.g.  pH, buffer 
condition, atmosphere condition e.g. air or an inert gas as argon and temperature. It’s recommended to 
specify both the storage and the ‘operational’ lifetime of the biosensor [50]. The assessment for both the 
lifetime stabilities is normally addressed as comparison as a decrease in sensitivity, to a given substrate, to 
the initial sensitivity of the freshly prepared biosensor. 
 Lastly, the reproducibility of the method of preparation of the biosensor should be stated. This is done by 
comparison of the standard deviation of the sensitivities for a given number of different biosensors 
prepared with the same materials and in the same manner. This plays an essential role for the evaluation of 
the electrode preparation method. 
 
Summary –amperometric GOD biosensors with entrapped mediator 
In this section we will just briefly summarize the most important findings in this theory chapter of mediated 
amperometric enzyme biosensors. One of the reasons to go into detail with a model of the processes in the 
mediated enzyme biosensor was to gain insight into which parameters that is important in the optimization 
of the design and function of the biosensor.  
We found that the enzymatic reaction rate of the sensing enzyme in the enzyme/mediator-layer was 
coupled to both diffusion inside this layer but also diffusion through the membrane. Because of that the 
typical concentration profile in a membrane-covered amperometric enzyme electrode with entrapped 
mediator is as shown schematically in Figure 8. 
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Figure 8 Typical concentration profile for substrate and reduced mediator in the enzyme/mediator-layer under stirring, mediator 
impermeable to the membrane and 
'
applied mediatorE E . It should be noted that the length of the enzyme/mediator-layer and 
membrane are not drawn to scale. The figure is drawn after inspiration from [16].  
 
The steady-state, time independent, currents as a function of the substrate concentration, also called 
calibration curves, could be described by an equation that took into account both the permeability of the 
membrane and kinetics of the sensing enzyme. The point of coupled effects of both diffusion and enzyme 
kinetics on the steady-state current response is illustrated schematically in Figure 9. In this figure the rate 
limiting steps in the form of three controlling regions, namely; permeability-, mixed- and enzyme/kinetic-
controlled are marked in the figure. 
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Figure 9 Schematic illustration of the three limiting regions of the steady-state limiting current response for a membrane-
covered amperometric enzyme electrode with entrapped mediator. In region I the electrode is mainly under permeability-
control (or diffusion-control in the enzyme/mediator-layer) at low to middle substrate concentrations, in region II the electrode 
is under mixed-control (both permeability, diffusion and enzyme-kinetics) at middle to high substrate concentrations and in 
region III the electrode is mainly under enzyme-kinetic-control at high substrate concentrations. The plot is made from equation 
(78) with the value of 0.3S   and the other parameters were the same as those in Figure 6 and assumptions as those in 
Figure 8. 
 
Analyzing these calibration curves for different biosensor designs i.e. different types of membranes or 
different enzyme-loadings gives both the important analytical performance parameters but also 
information of the kinetic constants. Moreover, these types of calibration curves will give knowledge of the 
rate limiting step in the current signal. This information is particularly important when evaluating the 
biosensor lifetime stability. 
We found that if the electrode is under enzyme-kinetic-control where the enzyme kinetics is rate limiting in 
the whole substrate concentration range then the calibration curves will follow a simple Michaelis-Menten-
type equation in the form: 
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Equation (82)  is frequently utilized when analyzing biosensor calibration curves. However, we found that 
the apparent kinetic constants only reach their true value when either concentration polarization of the 
mediator and the substrate in the enzyme/mediator-layer and membrane occur. It should be noted that 
the apparent kinetic constants are complex functions and it is often not possible to express these in 
analytical solutions. The important thing to stress from this is that the simple Michaelis-Menten -type 
model is not always appropriate to characterize the steady-state limiting current dependence on the 
substrate concentration. A fact that is often neglected in many enzyme biosensor papers. 
If the electrode on the other hand is found to be permeability-controlled, and thereby independent of the 
enzyme kinetic at low substrate concentrations, this provides several advantages that includes:  increased 
lifetime stability, less susceptible to pH changes, protection-barrier against electroactive compounds, 
simple and effective entrapment of the sensing enzyme and mediator, and also effectively widening the 
linear-response range to higher substrate concentration. The linear range can thus be extended to much 
higher substrate concentrations than the Michaelis kinetic constant for the substrate, SK . The reason to 
compare the linear range to the Michaelis constant is because that if the enzyme electrode is under 
enzyme-kinetic-control then the upper concentration limit in the linear range will be just above the value of 
SK . This important point was illustrated in Figure 7 where it is seen that using less and less permeable 
membrane extends the linear range much above SK , but in contrast decreases the sensitivity. It should be 
noted that SK  per definition is equal to 
*, 1norSC  in the normalized figures. A rough estimate of the 
permeability of the membrane to the substrate can be obtained from equation (80) in the case where 
' '
E 1S S catK P k   (the rate of permeation rate is much slower than the enzyme kinetic rate) because then 
the steady-state current is given by: 
 
*
,limss S SI nFAPC  (83) 
 
It can be seen from equation (83) that under that conditions then the sensitivity (normalized by the 
electrode surface area) of the biosensor is solely controlled by the permeability of the membrane as 
expected. The cost of providing the biosensor with a membrane is increased response-time (due to longer 
Enzyme Biosensors 45 
 
diffusion time of substrate through the membrane), decreased sensitivity and thereby an ‘increased’ lower 
detection limit. The advantages of providing the biosensor with a proper membrane, however, often out-
weigh the disadvantages. 
It should be noted that there is a substrate concentration interval where the steady-state limiting current is 
a function of both the permeability of the membrane to the substrate and the enzyme kinetics of the 
sensing enzyme, the region II called mixed-control in Figure 9. One other important point is that at 
sufficiently high substrate concentration then the saturated enzyme kinetics will always be rate limiting and 
the steady-state current reach its maximum value given by: 
 
max
,lim Ess catI nFAk   (84) 
 
This stresses the important point that changing the permeability of the membrane does not change the 
maximum current that is controlled solely by the amount of immobilized enzyme and the catalytic kinetic 
constant, catk . 
 In conclusion this means that the experimentalist can optimize the sensitivity and upper/lower substrate 
concentration detection limits in the linear-response range by proper selection of the permeability of the 
membrane and amount of immobilized enzyme. 
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Experimental 
Materials 
All solutions were prepared in the standard buffer: 50 mM sodium acetate, 2 mM calcium chloride, pH 5.00 
(adjusted by 1M HCl at 25 °C) with MilliQ water from a Millipore purification system (Copenhagen, 
Denmark). 
D-(+)-Glucose were supplied from Sigma-Aldrich (St. Louis, MO, USA) HPLC grade minimum > 98% purity. 
Stock solutions of glucose (500 mM) were prepared in the standard buffer at least 24 hrs before use to 
achieve mutarotative equilibrium.  
The cellulose substrate used in hydrolysis experiments was of the partially crystalline type, commercial 
Avicel(R) PH-101 from Fluka, that was mixed in the standard buffer to a concentration of 2% w/v  with 5 
mM sodium azide to prevent bacterial grow. The suspension was homogenized by an Ultra Turrax T8 
homogenizer from IKA Labortechnik (Uppsala, Sweden) for 3.min on ice to yield smaller particles to 
promote faster hydrolysis.  It should be noted that this substrate is insoluble in aqueous solutions. 
The enzyme used in the electrochemical glucose sensors was glucose oxidase (Type II, EC 1.1.3.4) from 
Aspergillus niger supplied from Sigma (St. Louis, MO, USA) with an activity of 24.8 units per mg. Hydrolytic 
enzymes were commercial Celluclast® 1.5L (a cellulase mixture from Trichoderma reesei with both exo‐ and 
endo-glucanases with an activity of 700 endoglucanase units (EGU) per g stock solution, density of 1.2 
g/mL) and Novozym® 188 (a β-glucosidase from Aspergillus Niger with an activity of 250 cellobiase units 
(CBU) per g stock solution). The enzymes were supplied from Novozymes A/S (Bagsværd, Denmark). The 
cellulase activity of Celluclast® 1.5L stock solution has been measured by the Filter paper unit (FPU) assay 
to 82.1 FPU/mL [7]. 
p-benzoquinone (1,4-parabenzoquinone) of reagent grade, minimum > 98%, purity were supplied from 
Sigma-Aldrich, liquid paraffin (ρ20 °C = 0.87 g mL
-1) were supplied from Wako (Osaka, Japan). Graphite 
powder (TGP-7) with an average diameter of 7 μm (firm documentation) was supplied from Tokai Carbon 
(Tokyo, Japan). All chemicals were used as received. 
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Instrument design 
The calorimeter was of the passive heat conduction type, the 2277 Thermal Activity Monitor (TAM 2277) 
from TA Instruments (New Castel, DE). The calorimetric system has been described in detail by Wadsö et al 
in [53-55]. 
In brief, the heat conduction principle is based on when heat is produced or consumed by a reaction in the 
reaction cell this imposes a temperature gradient, and thus a heat flow dq dt (J s-1) to establish thermal 
equilibrium with its surroundings. In the case of the TAM 2277 a thermopile3 is positioned between the 
reaction vessel and a ‘heat sink’, in the form of an aluminum metal block as seen in Figure 10 C). The 
temperature of the heat sink in the TAM 2277 is kept essentially constant by immersing this part of the 
calorimeter into a 25L water thermostat which temperature is maintained to within ±2x10-4 ℃, see Figure 
10 A). The temperature gradient across the thermopiles creates a thermoelectric voltage, in accordance 
with the Seebeck effect4, that is proportional to the heat flow and thus proportional to the heat rate of 
either production or consumption in the reaction cell. The thermopiles are thus used as heat-flow 
detectors. For an exothermic reaction heat is conducted from the reaction vessel to the heat sink and thus 
opposite for an endothermic reaction. The heat conduction principle in the TAM 2277 is schematically 
illustrated in Figure 10 B). 
                                                          
3
 A thermopile is multijunction thermocouple plates where a thermocouple is a junction/soldering between two 
different metals. Thermopiles are also called Peltier elements. 
4
 It’s a temperature difference in the metal junction in the thermocouples produces that generates this voltage. This 
voltage is amplified when thermocouples are connected in series in the thermopiles. 
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Figure 10 The TAM 2277. The enlarged drawings show the reaction vessel with the surrounding ‘heat sink’ and the heat 
conduction measuring principle by heat flow, detected by thermopiles, from the reaction vessel to its surroundings. Pictures 
taking from [56]. 
 
The rate of uptake or release of thermal power in the reaction vessel, P  (Watt = J s
-1), is related to the 
heat-flow and the systems heat capacity, systemC  (usually the reaction vessel, the reaction ampoule and the 
thermopile) by the following equation [57, 58]: 
 system
dq dT
P C
dt dt
 
   
 
 (85) 
 
where dT dt is the rate of temperature change of the reaction vessel under the assumption that a uniform 
temperature exists within the reaction vessel and ampoule which is normally valid because the 
50 Development of Isothermal Microcalorimetry with in-situ Electrochemical Enzyme Sensors 
 
temperature changes within the samples in a heat conduction calorimeter are normally so small that these 
are essentially isothermal [59]. When the temperature of the heat sink is constant then the rate of 
temperature change can be written as  d T dt  where 0T T T    is the temperature difference over 
the thermopile and 0T is the heat sink temperature. It should be noticed that the sign for T  change s 
depending on if it’s an exothermic or endothermic reaction taking place in the reaction cell. The TAM 2277 
is a differential twin instrument which means that the calorimetric measurements are conducted against a 
reference vessel. This means that in the ‘ideal’ case then all heat-flow between the reaction vessel and its 
surroundings takes place through the thermopiles and compared to the heat-flow in the reference vessel. 
This is, however, often not fulfilled as will be discussed in the Results & Discussion section. For the ideal 
case the heat-flow through the thermopile can be found from Fourier’s heat conduction law that states: 
 HJ T    (86) 
 
where  HJ dq dt A is the heat flux (W m
-2) (the H in the flux again indicates that it’s a heat flux),   is 
the thermal conductivity (W m-1k-1) and T  is the temperature gradient (K m-1) from the reaction vessel to 
the heat sink. Equation (86) can be written in a more convenient way for the linear case in terms of the 
heat-flow as (for the cylindered vessel for the TAM 2277 a radial heat flux is normally assumed [59]): 
 
C
dq
G T
dt
   (87) 
 
where CG  is called the thermal conductance (W K
-1) for the thermopile. According to the Seebeck effect 
this temperature difference creates a voltage over the thermopile given by: 
 t SU n T   (88) 
 
where S  
is a material constant called the Seebeck coefficient which is dependent of the type of 
thermocouple used in the thermopile and tn  is the number of thermocouples in the thermopile. By 
combination of equation (85), (87) and (88) the Tian equation is obtained: 
 
dU
P U
dt
 
 
  
 
 (89) 
 
Experimental 51 
 
where C SG   is called the calibration constant and  sys C tC G n   is called the time constant of the 
calorimeter. It can be seen that the calibration constant is given solely by the ratio of the thermal 
conductance of thermopile and the Seebeck coefficient for the thermocouple type used in the thermopile. 
This means that the calibration constant is not influenced by any heat capacity changes taking place in the 
reaction cell as e.g. by injection of an sample and that calibration experiment of thermopile heat 
conduction calorimeters, thus can be calibrated either before or after an experiment and not necessarily 
for each experiment conducted in a series. It should be noted that in the case where significant 
temperature gradients exist within the reaction vessel or/and in the ampoule then the Tian equation 
should be expressed in a more advanced form taking this into account [57, 60]. The released or adsorbed 
reaction heat, 
Rq dq   , from a reaction is found upon integration of equation (89) to give: 
 
'
0
t t
R
t
q Udt


   (90) 
 
provided that the initial and final potential are the same, e.g. a baseline value, so the voltage-time 
derivative goes to zero. The calorimeter sensitivity, H , that is, the slope of an analytical calibration curve, 
as in the case for an electrochemical enzyme sensor, can for a thermopile heat conduction calorimeter be 
defined as [57] (where the H again is indicated to make a distinction from the electrochemical enzyme 
sensor sensitivity): 
 
H
U
dq
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 
 
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 
 (91) 
 
that from equation (88) and equation (87) gives: 
 
1S
H
CG

     (92) 
 
So in the ideal case then the sensitivity of a thermopile heat conduction calorimeter is given solely by the 
inverse of the calibration constant and the sensitivity, as the calibration constant, is independent of the 
number of thermocouples in the thermopile and the heat capacity of the system. 
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It was also found from the Tian equation (89) that the time constant, that characterizes the dynamic 
properties of the calorimetric vessel, is given by the ratio of the heat capacity of the system to the thermal 
conductance multiplier with the number of thermocouples in the thermopile. However, in practice the time 
constant, also called the thermal inertia of the calorimeter, is defined as [57]: 
 
system
total
C
G
   (93) 
 
where 
totalG is the total conductance of the thermopile including its surroundings e.g. the surrounding air, 
any supporting material etc. 
Because ITC allows direct and continuous observation of the reaction rate through the experimental heat-
flow observable, ITC has found use as an effective and precise assay method to study enzyme kinetics [4, 5]. 
For the enzymatic reaction the released or absorbed amount of heat, Rq , in the reaction cell associated 
with converting Rn  moles of substrate to product under constant pressure and volume is given by: 
 
app
R R mq n H   (94) 
    
where 
app
mH is the apparent molar reaction enthalpy change andR  indicates that it’s the number of moles 
involved in the reaction to makes a distinction from the number of electrons involved in the electrode 
reaction in the GOD-BQ-CPE. 
The number of moles substrate is related in a simple manner to the volume of the solution in the reaction 
cell, V , and the concentration  of product generated, PC  , by R Pn C V , so equation (94) can be written 
as: 
 
app
R P mq C V H   (95) 
 
Differentiation of equation (95) with respect to time gives: 
 appR
E m
dq
V H
dt
   (96) 
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where E PdC dt   is the reaction rate. Thus, the measure power signal is given by: 
 appR
E m
dq
P V H
dt
    (97) 
 
and it can be seen upon rearranging of equation (97) to: 
 
,
1
E
app m
P
V H
 

 (98) 
 
that the enzymatic reaction rate is proportional to the power signal with the proportional constant given by 
the inverse of the product of the sample solution volume and the apparent molar reaction enthalpy 
change. This means that in order to convert the power thermal signal to an absolute reaction rate requires 
knowledge of the apparent molar reaction enthalpy change. The value can be measured from a separate 
experiment where the total reaction heat, 
,R totalq  (found upon integration of the thermal power signal from 
the time of start of the injection to the thermal signal has reached its baseline value again), is measured for 
a known amount of substrate for going to completeness according to: 
 
 
,
0
0
R totalapp
m
R
t
t
S
q
H
n
Pdt
C t V


 



 (99) 
 
where  0SC t   is the initial substrate concentration. 
 
It should be noted that in the ITC experiment the measured thermal power output signal comes from the 
heat-flow from all heat contributions from the reaction that is triggered upon injecting of a titrant into the 
test solution housed in the calorimetric cell, not only the reaction of interest. This means that the heat 
found upon integration, signalq , of the measured thermal power output signal thus has several contributions 
other than the reaction heat of interest. To correct for some of these contributions the measured heat 
signal is normally divided into two; the ‘apparent’ reaction heat, Rq , and one taking into account the sum 
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of all heat effects from dilution (can also include different chemical composition of the buffers for the test 
solution and titration solution etc.), called heat of dilution, dilq  , so the heat signal is therefore given by: 
 signal R dilq q q   (100) 
  
and it thus follows that the apparent heat of reaction is given by: 
 R signal dilutionq q q   (101) 
 
The dilution heats are determined by some appropriate ‘blank’ runs, but even in this case of a ‘corrected’ 
heat signal molar reaction enthalpy change can still include other non-specific effects (e.g. temperature 
difference between the sample – and titrant solution) so the determined molar reaction enthalpy change is 
still an apparent value. 
 
Temperature differences between the heat sink and the reaction ampoule of less than 10 µK can be 
detected by the TAM2277. The technical specifications of the 2 and 4 mL titration/perfusion cylindered 
steel/glass ampoule in regard for the calorimetric-signal are listed in Table 2. 
 
Table 2 Technical specifications: 2 and 4 mL titration/perfusion cylindered steel/glass ampoule. The specifications listed are for 
25 ℃ and for ¤ in titration mode when stirred at 50 rpm. 
Limit of 
Detectability$ 
(µW) 
Precision for 30 μW 
full scale$  
(%) 
Apparent time 
constant $ 
(sec) 
 
Baseline noise¤ 
(μW) 
Baseline stability 
(8 hrs)¤ 
(μW) 
0.15 0.5 300 <± 0.5 
 
<± 1.0 
 
Data taking from ¤ [56] and $ [61]. 
 
The design of the TAM 2277 have shown suitable for incorporation of in-situ sensors which has been 
demonstrated by incorporating both pH- and oxygen-electrodes [62] and further expanded to also include a 
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spectrophotometer in the form of optical light fibers to measure the optical density of the solution [63]. 
These electrodes and optical light fibers could be incorporated into the calorimetric vessel without causing 
any significant interference in the calorimetric signal at the microwatt level. 
The aim of the present work was to incorporate four separated electrodes into the 2mL cylindered glass 
ampoule for high thermal power output sensitivity. This setup allows the calorimetric reaction cell to be 
equipped with dual simultaneously working electrochemical enzyme sensors in combination with both a 
reference- and a counter electrode.  The dual simultaneous working sensor setup  gives some interesting 
electrochemical measurement opportunities e.g. 1) differential mode of the GOD-sensor in combination 
with the same electrode type use in the GOD-biosensor without the GOD-enzyme, a ‘compensating’ 
electrode, for interferences detection in the glucose signal 2) two glucose biosensors having different 
detection limits allowing the linear measurement range of glucose to be extended  3) the most interesting 
is, however, the possibility of using two different electrochemical enzyme electrodes in concert for 
simultaneous detection of different analytes, in the light of biomass hydrolysis  e.g. glucose/cellobiose or 
glucose/ethanol. 
 
Preparation of miniaturized electrochemical glucose sensors 
Glucose oxidase-immobilized benzoquione-mixed carbon paste electrodes as described by Ikeda et al. [38, 
42] was used for glucose detection.  Carbon paste electrodes (CPE)  is a widely used electrode material for 
electrochemical enzyme sensors due to its inexpensive, easy to prepare and many modifications 
possibilities, especially with regard to biological molecules like enzymes [30, 31]. The miniaturized CPE’s for 
incorporation into the TAM 2277 ampoule lid were prepared as follows: carbon paste electrode holders 
were constructed from 10 μL glass capillary tubes supplied from Hirschmann Laborgeräte (Eberstadt, 
Germany) (outer diameter, φOD of 1.0mm, inner diameter, φID 0.63mm and length of 31mm) with a 
connecting wire of gold-plated Cu, received as a gift from Sur-Tech A/S (Farum, Denmark), with a diameter 
of 0.5mm were fixed at the inside of the glass capillary tube by epoxy resin glue (Araldite). The connecting 
wire was fixed to give a small cavity in one end of the glass capillary tube (approximate 1-mm depth) to the 
carbon paste. The carbon paste with a mixed redox mediator was prepared as follows: a weighed amount 
of graphite powder (0.09 g) was added 8 wt% (0.01g) p-benzoquinone and 25 wt% (35 µl) liquid paraffin 
that was thoroughly hand-mixed in an agate mortar until a somewhat homogenized paste was obtained. 
The resulting benzoquinone-carbon paste was packed into the cavity of the glass capillary carbon paste 
holders by pressing the glass capillary tube into the paste. The surface was smoothed using a waxed 
weighing-paper given a tight packed benzoquinone-carbon paste electrode with a working geometric 
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surface area of 3.1x10-3 cm2. The benzoquinone-carbon paste was stored at 4 °C until used and not for 
more than one month due to that long-time storage of carbon pastes is generally not recommended [31]. 
Glucose oxidase was immobilized by physical adsorption by a dip-coating technique. The electrodes were 
suspended vertically with the electrode surface downwards just dipped into a GOD-enzyme solution of 3 
units (119 mg mL-1) in an eppendorf-tube for 5 min to allow surface adsorption onto the carbon paste 
surface under gentle magnetic stirring at room temperature. The solvent was allowed to evaporate with 
the electrode in an inverted position in the air at room temperature for 5 minutes. This protocol was 
repeated 6 times. The electrode surface with immobilized GOD was then covered with a double-membrane 
assemble. The membrane closest to the electrode surface was a dialysis membrane of regenerated 
cellulose supplied from Spectrum Laboratories (CA, USA) (cut-off molecular weight of 6-8kDa or 12-14kDa, 
40±10µm and 35±15µm thick in the dry state, respectively). The outer membrane was a Nuclepore 
polycarbonate Track Etch membrane (thickness of 8±3µm, pore size of 15 nm and a pore density of 1x105 
pores cm-2) supplied from Whatmann® (USA). The function of the polycarbonate membrane was to provide 
a protection barrier of the dialysis membrane from the cellulase enzymes which to some extent have to be 
assumed to can break down the dialysis-membrane over time if not protected. The dialysis membrane 
serves three functions: 1) to entrap the GOD-enzyme near the electrode surface 2) extend the linear 
concentration range of glucose by providing a diffusion barrier [48] 3) provide a size exclusion barrier for 
larger macromolecules in solution minimizing interference in the electrochemical signal from electroactive 
species. The two membranes were fixed by a vitron O-ring (0.8x1.0). Lastly, the electrodes were washed 
twice with the standard buffer and stored overnight in the standard buffer at 4 °C before use. The 
polycarbonate/dialysis-membrane-covered-glucose oxidase-benzoquinone-carbon paste electrode thus 
prepared will be abbreviated GOD-BQ-CPE. Assembly of the miniaturized GOD-BQ-CPE can be seen in 
Figure 11. 
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Figure 11 Design and assemble of the miniaturized polycarbonate/dialysis-membrane-covered-glucose oxidase-benzoquinone-
carbon paste electrodes constructed for incorporation into the TAM 2277 – 2250 titration/perfusion unit. In A: a) gold-plated Cu 
connecting wire b) insulating glass capillary tube c) carbon paste electrode with mixed p-benzoquinone d) surface immobilized 
layer of glucose oxidase e) dialysis membrane (MWCW 6-8 kDa) f) polycarbonate filter (pore size 15nm) g) vitron O-ring. C) and 
D) shows real pictures of a sensor before and after the membranes are fixed.  
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Preparation of ‘normal size’ electrochemical glucose sensors 
Carbon paste holders with a working geometric area of 0.071cm2 (inner diameter, φID 3.0 mm, 4.4 mm 
depth) was from ALS (Tokyo, Japan) with holder material of PEEK. The ‘normal size’ sensors were prepared 
in the same manner as the miniaturized sensors expect here glucose oxidase was immobilized by adding a 
few microliters of a stock solution of GOD with a syringe to the electrode surface while the electrode was in 
an inverted position. The solvent was allowed to evaporate under a steam of cold air giving a smooth clear 
film. The electrode surface with GOD immobilized was covered by first a dialysis membrane of regenerated 
cellulose (Viskase, 20 μm thick in the dry state, cut-off molecular weight of 12-14kDa) and then a nylon-net 
to give the dialysis membrane increased physical strength. A Teflon-tube was lastly press-fit down over the 
dialysis membrane/nylon-net-assemble to fix them and keep them close to the electrode surface. 
 
Preparation of miniaturized reference- and counter electrodes 
The reference- and counter electrodes were housed separately inside two 10µL glass capillary tubes and 
fixed by epoxy resin glue (Araldite) in the same manner as the connecting wire in the GOD-BQ-CPE. The 
wires with diameters of 0.5mm were adjusted to a length of approximate 3 mm and thereby a geometric 
surface area of each electrode of 5x10-2 cm2. The Ag/AgCl-reference electrode was prepared by electrically 
oxidizing the exposed area of the silver wire in 1M HCl as described by [49] at a current of 1 mA for 10 min.  
This gives an amorphous solid outer layer of AgCl on the surface of the Ag-wire according to the reaction: 
 Ag(s) + Cl  AgCl(amorphous solid) + e
   (102) 
 
The AgCl-reference electrode was allowed to stabilize overnight in a 1M KCl solution and also stored in this 
solution if not in use. 
The counter electrode was a platinum wire. 
 
Incorporation of miniaturized electrode into the TAM titration/perfusion 2250-unit 
The ampoule vessel for titration/perfusion experiments is of the batch and insertion type, meaning that the 
sample is loaded outside the calorimeter.  
The ampoule lid in the 2250- titration/perfusion unit was modified by drilling four symmetric placed holes 
(diameter 1.1mm), fitting the glass capillary tube in the miniaturized electrodes, around the center axis of 
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the main shaft. The four holes were milled out to M2 fine threads that fitted screws with M2 fine thread 
and a central place hole of 1.1mm. This allowed the miniaturized electrodes for insertion and fixing into the 
ampoule lid and the screws. Silicone O-rings (0.97x0.33) was supplied from EVCO Nordic A/S (Birkeroed, 
Denmark) and used to make an air-tight sealing of the electrodes when pressed by the screws. Cut edges in 
each screw allowed tighten by a custom-made tool . Figure 12 shows a technical drawing of the modified 
ampoule lid and the principle of how to insert and fix the miniaturized electrodes by O-rings and screws in 
the ampoule lid. 
 
 
Figure 12 A) Technical 3D-drawing of the modified TAM 2277 2250-titration/perfusion ampoule lid, O-rings, electrodes and 
screws. B) Assembly of all parts with the insert showing the way to fix and make and air tight sealing of each electrode by the O-
rings and screw. 
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 Figure 13 shows a photograph of the TAM 2250- titration/perfusion unit and a close-up photograph of the 
modified ampoule lid equipped with the miniaturized electrodes and with the 2 mL glass ampoule 
mounted.  An injection tube of PEEK (510µmx125µm) was housed inside the titration stainless steel tube 
for titration of the titrant. The suspension in the ampoule was stirred by the three-bladed gold propeller (8 
mm, 18carat gold) that is fitted on the stirrer shaft which rotation speed is controlled by the stirrer motor 
on top of the unit. Cables to the Husou potentiostats were fixed with heat tolerant polyimide tape (180 °C) 
in the prefabricated cutting in the TAM 2250- titration/perfusion unit. Electrical connection to the 
electrodes was provided by soldering IC-socket female pins (inner diameter of 0.6mm), that fits the 0.5mm 
diameter of the electrode connecting wires, to the cables and shielded by heat-shrinkable tubing to prevent 
electrical short-circuit. The electric connection principle can be seen in the insert in the close-up 
photograph in Figure 13. This way of providing electric connection to the potentiostats together with the 
way of fixing the electrodes in the ampoule lid by O-rings and screws allowed for fast and easy replacement 
of electrodes and electrical connection. The glass ampoules offered the advantage of having a direct view 
to the electrodes, as seen in Figure 13, and thereby allowing the operator better control of the position of 
the electrodes so they are not in contact with the propeller. 
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Figure 13 The modified TAM 2250- titration/perfusion unit. Close-up photographs show the titration steel tube and the PEEK 
injection tube and the 2 mL reaction ampoule mounted with the electrodes and the three-bladed gold propeller. The propeller is 
attached to the stirrer shaft which again is attached to the stirrer motor at the top of the TAM 2250-titration/perfusion unit. 
Letters refer to: a) titration steel tube b) connection cables from the Husou potentiostats c) IC-sockets female pin covered with 
heat-shrinkable tubing d) PEEK injection tube. 
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Experimental setup for combined electrochemical and calorimetric experiments 
In the electrochemical part of the experiment the concentration of D-glucose was followed 
amperometrically using the miniaturized GOD-BQ-CP. An oxidation current of the reduced redox mediator, 
hydroquinone, by the glucose oxidase coupled reaction, was recorded at a fixed potential of +0.6 V vs. the 
Ag/AgCl reference electrode in a three-electrode setup with the Pt-electrode as counter. So why use a 
three-electrode setup? Remember that it’s an oxidation current we measure at the working GOD-BQ-CPE. 
This means that in a two-electrode setup with only the working electrode and reference electrode then a 
reduction current will occur at the reference electrode. A reduction current at an Ag/AgCl reference 
electrode is given by the reaction (the opposite of reaction (102)): 
 
-AgCl(amorphous solid) + Ag(s) + Cl  e   (103) 
 
This means that over time in an experiment then the coated AgCl layer on the Ag-wire will start 
disappearing because of the reduction current and as consequence a large surface area of the AgCl is 
therefore normally needed. In a 3 electrode setup the applied potential between the working electrode and 
reference electrode is kept constant with current flow through the counter electrode. In this way there will 
only be a very small current flow through the reference electrode and the consumption of AgCl under an 
experiment is negligible. The surface area of the reference electrode can in a three-electrode setup thus be 
reduced on the cost of one more electrode in the setup. 
Potential control and current detection was done by two analog potentiostats, Model 1112 from Husou 
Seisakusyo Co. (Kawasaki, Japan), in a bi-potentiostat setup which means that the two simultaneously 
working electrodes are sharing the same reference- and counter electrode. The accuracy of the applied 
potential is ± 1 mV. The Husou Potentiostats, Model 1112 was chosen because their electrical circuit is 
specially designed for bi-potentiostat measurements. The bi-potentiostat setup with separate reference 
and counter electrode was found preferable to insure that the potential of the Ag/AgCl-reference electrode 
was kept constant. A schematic block diagram of the bi-potentiostat setup can be seen in Figure 14.  
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Figure 14 Block diagram of the bi-potentiostat setup 
 
The reduction current at the counter electrode is unknown but can be e.g. reduction of protons so 
hydrogen gas will be produced according to the reaction scheme: 
  + 22H 2 H ge
   (104) 
 
The Husou potentiostats was coupled to a computer via a 6008USB analog-to-digital converter (ADC) from 
National Instruments (Austin, USA) for data acquisition. The field wiring to the NI USB-6008 ADC was 
configured in a differential setup for reducing noise pickup from the surroundings and rejection of the 
common-mode voltage. The NI 6008USB ADC has 12-bit resolution for differential measurements [64] and 
since the output-voltage range from the Husou potentiostat is ±1 volt for full scale that makes the smallest 
detectable change (system noise) better than (device range/ 2resolution = 2 volt / 4096 levels =0.488mV/level) 
0.5mV rms. The current scales possible to select from the Husou Potentiostat is in the range of 1 mA to 1 
nA with steps of multiplier of 10. This means that when the current selector on the Husou potentiostat is 
set to 1 μA then the smallest detectable current change as limited by the bit-resolution of the NI 6008USB 
ADC is 0.5 nA. The absolute accuracy at full scale of the NI USB-6008 ADC in differential mode with an input 
voltage range of ±1 volt at 25 ℃ is 1.5 mV which translate into 1.5 nA when the current range selected is 1 
µA. 
The two Husou potentiostats were connected in the bi-potentiostat setup with the custom-made electrode 
cable from the TAM 2250-unit (connecting to the electrodes) via 4-pin connector from Lemo (Gentofte, 
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Denmark). Electrochemical data acquisition software was created with a user-friendly graphical interface in 
LabView 8.6 from National Instruments (Austin, USA). 
The TAM 2277 was controlled by the Digitam 4.1 software which also served as data acquisition software 
for the thermal power signal µW (µJ s-1). Injection of titrand was done through the PEEK tube by a 
Thermometric 6120 Lund precision pump system from TA Instruments (New Castel, DE) with a syringe from 
SGE Analytical Science (Victoria, Australia) mounted inside. The stirring speed on the three-bladed gold 
propeller was set to 100 rpm if not otherwise stated. 
All experiments were conducted at 25.0 °C. Typically, the experimental protocol was carried out as follows: 
All solutions were vacuum degassed for 10 min under magnetic stirring and place in the 2 mL cylindered 
glass ampoule and syringe, respectively. The electrodes were mounted into the ampoule lid, fixed and 
connected to the Husou potentiostats as described earlier. The propeller was attached to the stirrer shaft. 
The loaded 2 mL glass ampoule was then carefully mounted onto the lid with the fixed electrodes. The 
TAM-2250 titration/perfusion unit was next mounted into the calorimetric cell as described by the 
manufacturer. When the 2250- titration/perfusion unit had equilibrated to the desired temperature in the 
calorimetric vessel (normally around 1 hour) the electrode potential was fixed at +0.6 V vs. the Ag/AgCl-
reference electrode. The reference was the 2 mL stainless steel closed ampoule filled with 1 mL degassed 
water. The combined electrochemical and calorimetric experimental setup is schematically illustrated in the 
block diagram in Figure 15. 
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Figure 15 Experimental block diagram of the combined electrochemical and calorimetric setup. 
 
Calibrations and Controls 
 
Steady-state potential step voltammetry 
Potential steps experiments in the range +0.1 to +0.8V with step size of 0.1V served to measure the steady-
state oxidation current against applied electrode potential. 
 
Calibrations of the GOD-BQ-CPE 
Calibrations of the GOD-BQ-CPE´s were done outside the calorimeter in a custom-built 2 mL 
electrochemical measuring cell resemble the 2 mL TAM glass vessels. Using an electrochemical cell design 
that resembles the 2 mL TAM glass ampoule allowed the use of the modified TAMtitration/perfusion 2250-
unit as electrode holder. The test solution could in this way also be stirred by the gold-bladed propeller. 
The temperature of the electrochemical cell was controlled by a Julabo F12 water bath (Seelbach, 
Germany) to 25±0.1 °C. Titrations were performed using a Hamilton syringe mounted onto a Chemyx 
Fusion100 pump (Stafford, USA). The titrand was guided into the electrochemical cell through the PEEK 
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titration tube in the TAM-unit in the same manner as in the combined experiments. The experimental setup 
can be seen in Figure 16. 
 
Figure 16 Photograph of the experimental setup when calibrating the GOD-BQ-CEP sensors when mounted in the 2250 
titration/perfusion unit and outside the TAM in the custom-made electrochemical cell resemble the 2 mL reaction ampoule. 
Letter refer to: a) computer for data collection and control b) stirrer motor c) cables connecting the Husou potentiostats and 
electrodes d) National Instrument 6008USB Analog-to-digital converter e) the two Husou potentiostats connected in bi-
potentiostat setup f) Chemyx Fusion100 syringe pump g) Hamilton syringe h) the TAM-2250 titration/perfusion unit i) custom-
made electrochemical cell. 
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Typical calibration experiments were carried out as follows: all solutions were degassed under vacuum and 
magnetic stirring for 10 min, the electrochemical cell was filled with 1 mL of degassed standard buffer and 
allowed to equilibrate to the temperature of the electrochemical cell set by the external water bath. The 
Hamilton syringe was filled with degassed sugar stock solution of interest that had allowed equilibrating to 
room temperature in advance.  A multi-stepwise injection scheme was programmed in the Chemyx 
Fusion100 pump automation software where the typically injection scheme of the GOD-BQ-CPE´s vs. D-
glucose was: 10-20 consecutive injections of 2 to 10 µL concentrated 500mM D-glucose stock solution with 
a delay time of 3 to 6 min pr. injection. The injection time was kept constant at 6 s independent of the 
volume injected, so the response time from the biosensors would not be influenced from the difference in 
injection times of the titrand. These experiments gave the characteristic calibration current vs. time curves 
from where the steady-state currents could be determined. Analyzing these calibration curves of these 
steady-state currents vs. the known amount of injected sugar gives the analytical parameters of the GOD-
BQ-CPE in the sense of sensitivity and detection limits for different substrates. 
The influence of the permeability of the membrane was investigated by constructing different types e.g. 
only using the polycarbonate membrane, only using the dialysis membranes and the combination of the 
two. The difference in the full respond curves for the different types should illustrate when the GOD-BQ-
CPE is under permeability-control and when it is under enzyme-kinetic-control. 
Calibration experiments with different stirring speeds were performed to investigate the effect of 
concentration polarization of glucose in the bulk solution on the current response. It was found that at 
stirring rates of 100 rpm then the concentration polarization of glucose can be neglected. 
 
Electrode stability and reproducibility 
The storage stability of the GOD-BQ-CPE’s (e.g. loss of enzyme activity, out-diffusion of mediator) was 
addressed by keeping them in the buffer at 4 ℃ and recording a full calibration experiment vs. glucose once 
every 2-3 days for comparison of relative changes in the sensitivity.  
Reproducibility of the GOD-BQ-CPE preparation method was addressed by preparation of four electrodes 
with the same carbon paste and dipping the electrodes for the same time-interval into the GOD solution 
and comparing sensitivities against D-glucose. 
The GOD-BQ-CPE performance stability in continuously batch-mode was studied by measuring in 0.1 M D-
glucose solution so the current from the GOD-BQ-CPE was equal to 
max
,limssI in the whole time course of the 
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experiment. The sensitivity of the GOD-BQ-CPE before and after the continuous experiment were 
compared to address the performance stability. 
 
Calibration of TAM 2277 
The calorimetric channel was electrically calibrated by applying a known constant voltage, appU , over a 
built-in resistor, R , so a well-defined Joule heat-power, given by 
2
appP U R , is generated inside the 
reaction vessel [65]. The result from this determines the calibration constant and thus also the sensitivity, 
between the measured heat voltage output, U , from the thermopiles and the thermal power according to 
P U . The protocol according to the manufacturer was followed. 
The time constant can be determined from the decay rate of the thermopile voltage signal after the 
calibration voltage over the built-in resistor is turned off, and thus no heat is evolved in the reaction vessel 
and the decay rate can be found from the Tian equation to: 
 
dU U
dt 
   (105) 
 
which has the well-known solution given by: 
    0
tU t U t e   (106) 
 
This is the reason why we called  the time constant in the Tian equation, because it can be seen from 
equation (106) that it defines the time required for the signal,  U t , to decrease by the value of  0U t e .  
As a rule of thumb the time for the reaction under investigation for go to completeness should be at least 
10  . Equation (106) can be writing in the terms of the power signal as: 
    0
tP t P t e   (107) 
 
and the time constant is thus found from fitting the decayed power signal vs. time curve when the 
calibration voltage is turned-off to equation (107). 
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Baseline stability of the calorimetric signal with incorporated electrodes 
To test the air-sealing of the electrodes by the O-rings a baseline stability experiment with 1 mL vacuum 
degassed buffer and the electrodes not connected to the Husou potentiostats was performed over 
18.hours. Any air leak around the electrodes will be observed in the thermal baseline stability (long-time 
drift) as an high endothermic drift from vaporization of water [66]. 
 
Enzymatic hydrolysis of cellulose 
Due to reported problems with precipitation in mixtures of Celluclast®1.5L and Novozym® 188, Novozym® 
188 was run through a PD-10 desalting column (Sephadex G-25 Medium) from GE Healthcare AB (Uppsala, 
Sweden), using the gravity protocol, before mixed in a ratio of 1:3/5 (w/w) with Celluclast® 1.5 L. It should 
be noted that this is a relatively high β-glucosidase concentration and it’s expected that no di-
/oligosaccharide concentration will be build up doing hydrolysis and thereby that the change in glucose 
concentration will reflect the exo-cellulases activity and the thermal signal will reflect the overall hydrolytic 
enzyme mixture activity. Mixtures of Cell/N188 weee prepare by diluting to a final volume with the 
standard buffer to give a concentration of mg protein/Celluclast®1.5 L per mL stock solution. This stock 
mixture was used in all cellulose hydrolysis experiments by diluting to concentrations that would give the 
wanted concentration in the electrochemical cell in terms of FPU per g cellulose. After the hydrolysis 
experiment a one-point calibration of the GOD-BQ-CPE´s was performed in the electrochemical cell to 
check for any change in sensitivity of the sensor as a consequence of e.g. loss of enzyme activity. The 
degree of cellulose conversion (%) in the terms of glucose yield was calculated using the following 
equation: 
  
   
 
310 162
Cellulose conversion degree % 100
Inital cellulose content  
gluC mM g mol
mg ml
 
   (108) 
 
where gluC is the concentration of glucose measured by the GOD-BQ-CPE and the factor 162 (g/mol) is the 
molecular weight of glucose minus water. The reason to use this molecular weight and not simply the one 
for glucose is to take into account the weight gained in converting cellulose to glucose. 
 
70 Development of Isothermal Microcalorimetry with in-situ Electrochemical Enzyme Sensors 
 
Data analysis 
The calorimetric and electrochemical data were analyzed in OriginPro 8.0 (OriginLab, Northampton, MA). A 
customized script to determine the steady-state currents in the electrochemical calibration experiments of 
the GOD-BQ-CPE sensors were writing in LabTalk, a programming language in OriginPro. In brief the script 
does the following: The operator types in the experimental parameters e.g. the injection volume, delay 
time between each injection, concentrations, etc. The cell design of both the custom-made electrochemical 
cells and the TAM 2277 titration/perfusion 2250-unit ampoule is of the constant volume type meaning that 
any volume addition to the ampoule will be accumulated. Under the assumption that the injected volumes 
are additive, which is true for dilute solutions, then each injection of sugar stock solution into the ampoule 
will increase the volume to: 
  
1
i
cell inj
n
V i V V

   (109) 
 
where  V i is the volume in the cell in the 'i th  injection , cellV  is the start volume in the cell and injV is the 
injecting volume. The concentration of sugar in the measuring cell is after i  injections and when the start 
concentration of sugar is zero is given by: 
 
 
1( )
i
stock inj
n
cell
C V
C i
V i


 (110) 
 
 
where  cellC i  is the concentration in the cell in the 'i th injection and stockC  is the sugar stock 
concentration that is titrated to the measuring cell. It follows by insertion of equation (109) into equation 
(110) that the concentration of sugar in the cell under a calibration experiment can be calculated as: 
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When the injection volume is kept constant throughout the calibration then the summation will be equal to 
1
i
inj inj
n
V iV

  and equation (111) reduces to: 
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Equation (112) is used in the LabTalk-script to calculate the change in sugar concentration in the cell by the 
parameters typed in from the operator because in this work all calibration experiment was conducted with 
a constant injection volume. 
The data collecting and Fusion100 syringe pump program was always started on the same time. To ‘read-
off’ the steady-state currents corresponding to each injection of the sugar stock solution the number of 
data points was reduced equal to the delay time between each injection and taking into account the 
injecting time of the sugar from the syringe pump. In this way the number of data points equals the 
number of injections. The reduced data is then corrected for the background current so the point at zero 
current at zero concentration of substrate can be included in the fit to the linear range by fixing the 
intercept to zero. 
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Results and Discussion 
 
Considerations regarding continuous monitor of glucose by GOD-BQ-CPE 
We will start the discussion by taking some practical considerations regarding continuous monitor of 
glucose by GOD-BQ-CPE’s. Some of the reasons that BQ-CPE’s were chosen as electrode material is that 
GOD-BQ-CPE’s has proven to have a wide linear concentration range, high sensitivity and not affected by 
the oxygen concentration in the test solution when the mass percent of benzoquinone in the carbon paste 
is sufficiently high [42]. Benzoquinone has moreover fast electrode kinetics with carbon surfaces and has 
shown to be one of the most effective mediators among quinone-type compounds. The formal potential of 
benzoquinone,
2
0´
BQ/H Q.vs SHE, 25 °C, pH 7 293mVE  [67], also has a sufficient difference in potential as 
compared to the formal potential of the reduced cofactor FAD, 
2
0´
FAD/FADH .vs SHE, 25 °C, pH 7 207mVE   [67], 
which means that the back reaction in the enzyme-mediator  complex, 4k  in equation (113): 
 4
2
4
†
FADH FAD 2GOD BQ GOD +H Q
k
k
   
 (113) 
 
practically does not occur. Lastly, electrochemical enzyme sensors constructed on the basis of BQ-CPE’s is 
well reported [13-15, 38, 41-43, 68-70]. The electrode reaction scheme in the miniaturized GOD-BQ-CPE, is 
illustrated in Figure 17. 
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Figure 17 Redox chemistry and chemical structures of p-benzoquinone (oxidized mediator) and hydroquinone (reduced 
mediator) by the GOD catalyzed reaction in the miniaturized GOD-BQ-CPE sensors. 
 
One very important thing to remember when miniaturizing electrochemical enzyme sensors is that any 
reduction in the electrode surface area will have a direct effect on the amount of current generated, as 
described in the Theory section. Moreover, a reduction in the electrode surface area has a direct impact on 
the maximum current because the amount of enzyme immobilized, E scales to some extent with the 
surface area of the electrode. However, as will be discussed in the following then a reduced electrode 
surface area also have some advantages with respect when the sensors are utilized in a continuous setup 
and incorporated in the calorimetric reaction ampoule. It should be noted that GOD is not equal to the 
amount of GOD immobilized on the surface of the electrode because the activity of the enzyme will be 
different from in its solubilised state, It’s often observed for GOD on graphite electrode materials is that 
GOD is less than the amount of immobilized GOD. The immobilization of GOD was also found very 
challenging with the miniaturized BQ-CPE’s for incorporating into the TAM. The dip-coating immobilization 
technique was found to be the easiest, but this immobilization technique does not give good control of the 
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amount of GOD immobilized.  A consequence is that the electrode preparation was not expected to be 
reproducible. This was indeed found to be true; for the approximate 100 miniaturized GOD-BQ-CPE sensors 
constructed in this work only 15% of these responded to an injection of a glucose stock solution. This very 
poor reproducibility is attributed to both the immobilization of GOD, but also how the membranes were 
fixed at the sensors. The membranes were fixed to the sensors by press-fit the sensor down on the o-ring 
with the membranes on top. It was, however, often difficult to succeed with this step the first time and 
therefore any enzyme absorbed to the surface is expected to be reduced significant by failure of the 
membrane-fixing step. 
 
To evaluate the concentration polarization in the enzyme/mediator-layer in the miniaturized sensors we 
start by considering the diffusion time of glucose though this layer. The characteristic diffusion time across 
the enzyme/mediator-layer is approximate proportional to 
2
glucosel D . For a thin enzyme/mediator- layer in 
the order of 1 µm and taken the diffusion constant for glucose to be 6x10-6 cm2 s-1 this gives a characteristic 
diffusion time in the order of 0.1 µsec for glucose to cross the enzyme/mediator-layer. This has to be 
compared to the enzyme reaction rate in the enzyme/mediator-layer. Taking the values of catk and SK  
from [41] and that the amount of immobilized GOD probably is in the order of 3x10-11 mol cm-2 [42] we find 
that 1S . This means that for the miniaturized GOD-BQ-CPE´s developed in this work the concentration 
polarization inside in the enzyme/mediator- layer of the substrate should be negligible. 
Results from earlier study on surface immobilized GOD, also by simple physical absorption, on a carbon 
electrode with benzoquinone free in solution showed that the enzyme kinetics are essentially the similar to 
those of GOD in solution at pH 5 and 25 ℃ [41]. Only noticeable difference found was a lower MK  value 
which was attributed to that benzoquinone was probably adsorbed weakly to the electrode surface due to 
its hydrophobic nature (benzoquinone was added to the buffer in this study and not as here mixed directly 
in the carbon paste). From this observation it should be expected that an even lower MK  value when 
benzoquinone is mixed directly in carbon paste. At a mass percent of benzoquinone of  8% the current has 
been shown to reach a limiting value [38] and the concentration of benzoquinone in the enzyme/mediator-
layer at this mass percent is probably in the order of mM (this is a rough estimate based on measured 
values in [38]). 
The permeability constant for the dialysis-membrane was theoretically calculated to be in the order of 
4x10-5 cm s-1 (estimated from values calculated in [38] for a dialysis-membrane of 50 µm with a cut-off 
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weight of  12-14kDa) because the polycarbonate filter will essentially provide no diffusion-barrier to 
glucose due to the relatively high pore size of 15 nm compared to the size of glucose that is in the order of 
0.5 nm. The out-diffusion rate of benzoquinone  molecules though the dialysis-membrane into the bulk 
solution was theoretically calculated to be in the order to give a µM-concentration after 24.hours 
(estimated from measured values in [38]). This also indicates that the membrane serves one more function, 
namely to provide an out-diffusion barrier to the entrapped benzoquinone molecules also. Dissolution of 
benzoquinone into the bulk solution is moreover restricted by its low solubility in aqueous solutions due to 
its hydrophobic nature. Any small leakage of benzoquinone from the enzyme/mediator-layer, will as earlier 
stated be compensated by supply from the reservoir inside the bulk of the carbon paste. The types of 
dialysis-membranes used in this work will efficiently entrap the GOD enzymes because the cut-off weight of 
the dialysis membranes is below the molecular weight of GOD. However, a dialysis-membrane constructed 
of regenerated cellulose is by no mains the best choice of a membrane when working with cellulases. A 
dialysis membrane is therefore clearly a compromise - see the Perspective section for a further discussion 
of how the electrodes can be improved. However, the advantages of providing the GOD-BQ-CPE with a 
membrane still out-weigh the disadvantages as also discussed in the Theory section. The sensor with only a 
polycarbonate membrane is expected not to provide any permeability-barrier for glucose, as just discussed 
earlier, and thus the current response vs. the substrate concentration should follow the simple Michaelis-
Menten-type model. However, because the mass percent of benzoquinone in the carbon paste was 8%, the 
condition that 1M BQK C   is strictly not fulfilled. Therefore the general approximated equation should 
be used instead (where   *S SC x l C   because of the high permeability of the polycarbonate membrane 
to glucose). However, here we will include the mediator-effect by defining a new apparent constant that 
takes this into account. This means that the apparent kinetic parameters (different from those defined for 
taking into account the concentration polarization) are defined as: 
 
 
max
,limmax,
,lim
1
ssapp
ss
M O
I
I
K C


 (114) 
and 
 
 1
app S
S
M O
K
K
K C


 (115) 
 
and so the simplified Michaelis-Menten-type model we use is given by: 
Results and Discussion 77 
 
 
max,
,lim
,lim
*
1
app
ss
ss app
S
S
I
I
K
C


 (116) 
 
Equation (116) is equal to the general approximated equation found in the Theory chapter. It should be 
noted that even though there is an effect of the mediator concentration in each of the apparent kinetic 
parameters, the ratio of the two kinetic parameters constants still equals the ‘true’ ratio, as seen below: 
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This ratio can also be interpreted as the catalytic efficiency of the GOD enzyme. 
Regarding the stability of the GOD-BQ-CPE’s the GOD enzyme is expected to lose activity over time. 
Therefore in the long-time experiments the sensitivity after each use of the biosensor in hydrolysis 
experiments should be checked. The out-diffusion the mediator maybe is also a factor to consider when 
evaluating the stability of the GOD-BQ-CPE under long-time measurements and storage. Perhaps more 
important, is that the µM-concentration of benzoquinone in the test solution might influence the system 
under interest (cellulase-mixture activity, physical/chemical properties of the cellulose) and thereby on the 
concentration of glucose produced. This is the same for the glucono-δ-lactone/gluconic acid concentration 
produced from the GOD reaction. This is because that the biosensor is an invasive analytical tool opposite 
to the calorimetric technique. Separated experiments with another assay method, e.g. HPLC, this could be 
controlled. This will however, not be considered in more detail due to the expected relatively small 
concentrations, that probably only affects the system very little. 
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Performance of GOD-BQ-CPE sensors 
 
Steady-state voltammetry 
The steady-state voltammogram for a ‘normal size’ GOD-BQ-CPE vs. D-β-glucose can be seen in Figure 18. 
 
Figure 18 Steady-state voltammogram for a GOD-BQ-CPE in 0.5M D-β-glucose were the steady-state current was recorded every 
3 minutes after the potential shift. The solution was stirred by a magnetic stirrer at 500 rpm. The experiment was recorded for a 
membrane-covered (Viskase, 20 μm thick in the dry state, MWCO: 12-14kDa)-GOD (50 units)-BQ-CPE in a ‘normal size’ carbon 
paste holder from ALS (Tokyo, Japan) with a working geometric area of 0.071cm
2
. 
 
From the steady-state voltammogram in Figure 18 it can be seen that the steady-state current reaches a 
limiting value around +0.6 volt vs. Ag/AgCl/0.1 M KCl as indicated by the dashed lines. A steady-state 
limiting current is as expected as discussed in the theory chapter. All amperoemtric experiments were 
therefore recorded at a fixed potential at +0.6 volt vs. Ag/AgCl to make sure that the steady-state current 
was in the limiting region. 
The miniaturized Ag/AgCl-reference electrode was not equipped with a salt-bridge so it was found 
appropriate to include some chloride ions, in this work in the form of the CaCl2 salt that was added to the 
buffer, to make sure that the potential between the working electrode and reference electrode is 
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essentially kept constant. The ratio of the electrode rate constants for the benzoquinone/hydroquinone 
redox compound can be estimated from the Butler-Volmer approach from the applied potential at +0.6 V 
vs. Ag/AgCl and formal potential of benzoquinone, to be 
1810f bk k  . This high ratio means that under 
the given experimental conditions then the hydroquinone is oxidized at a much faster rate than the back 
reaction (reduction) of benzoquinone. The electrode reaction can thus be written as a single step that goes 
to completion and the concentration of hydroquinone at the electrode surface will thus be practically zero. 
It should be noted that the applied potential and table formal potential of benzoquinone cannot directly be 
used in the Butler-Volmer equation because they have to be corrected to the same reference electrode and 
pH. See appendices for the detailed calculation. The applied potential is however relatively high when 
considering keeping interference at a minimum because the current measured is the sum of all oxidizable 
compounds (at a positive potential) in the test solution. A lower potential could be applied in the cost of a 
lower generated current. In this work we intended to use a ‘compensating’ electrode instead to detect 
interference in the current signal. A ‘compensating electrode’ is simply a BQ-CPE sensor without the GOD 
immobilized but otherwise constructed similar. 
 
Calibration of the GOD-BQ-CPE sensors 
A typical calibration of a ‘normal size’ GOD-BQ-CPE can be seen in Figure 19. The main graph shows the 
current response for the sensor for successive injections of a stock glucose solution. The insert in Figure 19 
shows the calibration curve, steady-state currents plotted as a function of the glucose concentration. An 
important feature from the calibration curve is that a non-linear fit, dashed green line, to the empirical 
Michaelis-Menten-type equation doesn’t fit the curve very well. This is as expected from the Theory 
chapter because the dialysis membrane provides the sensor with a permeability barrier. 
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Figure 19 Typical current-time response curve for a ‘normal size’ dialysis membrane (12-14kDa) covered GOD-BQ-CPE vs.  D-
glucose. The insert shows the calibration curve. The analytical parameters are estimated from the linear fit (dashed back line,) 
see Table 3 for the result. It can be seen that a non-linear fit (dashed green line) to the empirical Michaelis-Menten expression 
for the calibration curves found in the theory chapter is not very accurate and comes from that the dialysis membrane provides 
the sensor with a diffusion barrier as discussed in the theory chapter. Each injection was 50 µL 500mM D-glucose and 
experimental conditions as in Table 3. 
 
Analytical parameters found from calibration curves as the insert in Figure 19 for different mono-
saccharides and cellobiose is listed in Table 3. 
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Table 3 Analytical parameters for a dialysis(Viskas 12-14kDa) covered GOD(30 unit)-BQ-CPE in a ‘normal size’ carbon paste 
holder with an electrode surface area of 0.071 cm
2
 for different substrates calculated from calibration curves corresponding to 
the one shown for D-glucose in Figure 19. Experimental conditions: 25 ℃, stirring rate 500 rpm by a magnetic stirrer and the 
volume was initially 5 mL in the electrochemical cell. The sugar stock solutions were made from sugars supplied from Nacalai 
Tesque (Kyoto, Japan). 
Substrate Linear range 
(mM)c 
 
Sensitivity 
(µA mM-1)d 
 
Sensitivity 
(µA cm-2mM-1)e 
 
R2 
 
Response time 
(sec) 
 
D-Glucosea 0.48 (±0.08) - 55 0.66 (±0.02) 9.3 (±0.3) > 0.999 30 
Galactoseb 1.6 (±0.4)- 90 0.03 (±0.01) 0.42 (±0.01) > 0.997 n.d. 
Xyloseb 0.34 - 85 0.01 (±0.001) 0.14 (±0.1) > 0.999 n.d. 
Mannoseb 0.67(±0.18) -65 (±10) 0.053 (±0.014) 0.73 (±0.17) > 0.999 n.d. 
Cellobiose f 0.001 – 0.05 0.3 4.2 n.a. 120 
a. Standard deviation was calculated for n=3 separate experiments. 
b. Standard deviation was calculated for n=2 separate experiments. 
c.  From detection limit to upper limit. Signal-to-noise ratio (S/N) = 3. 
d.  Slope from a linear fit to the linear range. 
e.  Sensitivity taking into account the electrode surface area. 
f.  Data from [69], determined at 40 ℃. 
g.  The current range on the Husou potentiostat was set to 100 µA in the calibration experiments for 
D-glucose so the smallest detectable current change as limited by the bit-resolution of the NI 
6008USB ADC is 0.05 µA, which equals a lower detection limit of 0.3 mM. The mean standard 
deviation of the short-term noise was found to be above the ‘systems’ noise by a factor of two and 
thereby that the noise-level cannot be improved by using an analog-to-a-digital converted with a 
higher bit-resolution. 
h.  Response to Arabinose, sorbitol, cellotriose, cellotetraose, cellopentaose and cellohexaose was not 
measurable (<0.03mM) by the GOD-BQ-CPE. 
 
The lower detection limit is calculated for a signal-to-noise ratio equal to 3 so the noise-level have to be 
determined form each calibration because the noise level will change depending on the range of the 
current selector. The lower a current range selected, the lower the detection limit because the S/N is 
improved. This is important to remember because the “measurement window” of the biosensor can be 
changed by changing the current range on the potentiostat. When the steady-state current is corrected for 
the background current it follows that the lower substrate concentration detection limit is given by: 
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 lower detection limit 3 60.secnoise
SC
sensitivity

  (118) 
 
It should be noted that the lower detection limit is defined as where the substrate concentration gives a 
current-signal that is ‘readily’ detectable from the short-term-noise. This limit is, however, not the 
minimum quantification limit, QL  ,  which is defined as the smallest substrate concentration that can be 
measured with ‘reasonable’ accuracy. This parameter is normally defined as 10 times the short-term-noise 
[51]. 
 
There was a small drop in the sensitivity of the GOD-BQ-CPE sensor vs. D-glucose of around 1 µA cm-2 mM-1 
after conduction of all the calibration experiment against the other sugars. This stresses an important point 
when the GOD-BQ-CPE sensors are used for analytical purposes; namely that the sensor sensitivity should 
be measured regular and preferably after each experiment. By using the mean value of the sensors 
sensitivity before and after the experiment the error when converting the current response to glucose 
concentration from the sensitivity-drop is minimized. 
 
The analytical parameters found for the ‘normal size’ GOD-BQ-CPE vs. D-glucose is in good accordance with 
earlier published values for the same type of electrode at 25 ℃ with a linearity stated to be 0.01mM to 
10mM with an sensitivity of 5.5 µA mM-1 cm-2 and a response-time of 20 sec [13, 14]. 
 
A calibration of a miniaturized polycarbonate covered GOD-BQ-CPE sensor for incorporation into the TAM 
can be seen in Figure 20. The main graph shows the current response for the sensor for successive 
injections of a stock glucose solution and the insert shows the steady-state currents plotted as a function of 
the glucose concentration. 
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Figure 20 Typical current-time response curve for a multistep-injection scheme of D-glucose to a miniaturized GOD-BQ-CPE 
sensor, here shown for a polycarbonate (15 nm pore size) covered GOD-BQ-CPE vs. D-glucose. Each arrow marks the injection of 
5µL 500mM D-glucose to the electrochemical cell.  The insert shows the calibration curve from which the analytical parameters 
are determined. Temperature was 25 (±0.1) ℃ and stirring of 200 rpm was done by a magnetic stirrer. The current range of the 
Husou potentiostat was set to 1 µA. 
 
A full calibration curve for a miniaturized polycarbonate (15nm pore size) covered GOD-BQ-CPE vs. D-
glucose can be seen in Figure 21. The dashed green line is the non-linear fit to the empirical Michaelis-
Menten type expression. 
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Figure 21 A full calibration curve for a miniaturized polycarbonate (15nm pore size) covered GOD-BQ-CPE. The parameters 
determined in the non-linear fit are listed in Table 4. In the non-linear fitting procedure the Levenberg-Marquardt algorithm is 
used by OriginPro to adjust the parameters. It should be noted that this sensor had a slightly larger electrode surface area than 
the types constructed for incorporation into the TAM. This sensor was constructed from 20 μL (outer diameter: 1.39mm, inner 
diameter: 0.92mm) disposable glass capillary tubes instead of the 10 μL. Difference in electrode area compared to the sensors 
constructed for incorporation into the TAM 2277 is approximate 3.5*10
-3
 cm
2
. The linear range of the sensor is marked by the 
dashed back line. Analytical parameters determined from the linear range: upper limit 28 mM (R
2
>0.999), sensitivity: 11.6 µA cm
-
2
 mM
-1
. 
 
Table 4 present the kinetic parameters found from the non-linear fit to the empirical Michaelis-Menten 
type expression listed and compared to the findings for the same type of sensor [38]. It can be seen that 
there is a good accordance between the kinetic parameters determined in this study and the ones reported 
in the literature. 
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Table 4 Apparent kinetic parameters for a miniaturized GOD-BQ-CPE determined from the non-linear fit in Figure 21 and 
comparison with literature reported values for the same type of sensor. 
 max,
,lim
app
ssI  
(µA) 
 
max,
,lim
app
ssI A  
(mA cm-2) 
app
SK  
(mM) 
 
R2 max, max
,lim ,lim
app app
ss S ss SI K I K   
(µA mM-1) 
 
This study 7.2 1.1 66 >0.998 0.11 
[38] n.a. 2.04 81 n.a. n.a. 
 
The polycarbonate covered sensors steady-state current response is enzyme-kinetic controlled in the whole 
substrate concentration range because, as also discussed earlier, the polycarbonate membrane won’t 
provide the sensor with an permeability barrier due to that the pore size in the membrane is much larger 
than the dimension of the glucose molecule. 
The sensitivity in the linear range for a sensor that is enzyme-kinetic controlled in the whole substrate 
concentration range can be estimated by the ratio 
max,
,lim
app app
ss SI K  because for the case when 
* app
S SC K    
then  max, *,lim ,limapp appss ss S SI I K C as also discussed in the Theory chapter. When this ratio (see Table 4) is 
divided by the electrode surface area an estimate of the sensor sensitivity of 16.6 µA cm-2 mM-1 is found. 
This is close to the sensitivity of 11.6 µA cm-2 mM-1 found from the slope of the dashed back line in Figure 
21. The important point is that when the sensor is not covered with a membrane that provides a 
permeability barrier then the current response from the sensor will be enzyme-kinetic controlled in the 
whole concentration range and follows the simple empirical Michaelis-Menten-type expression. From the 
apparent maximum steady-state limiting current it is also possible to estimate the amount of immobilized 
GOD, GOD  on the surface of the electrode under the assumption that no concentration polarization exist 
in the enzyme/mediator-layer so 
max, max
,lim ,lim
app
ss ssI I . It follows from the definition of 
max
,limssI , see Theory 
chapter, and by using 
1230seccatk
  [41] that 
8 -2
GOD 3 10  mol cm
   . This value is a little lower than 
the value estimated in the start of this chapter. This may be as a result of the different immobilization 
techniques used in this work compared to the one used in the reference. 
 
A direct comparison between the steady-state current response for the ‘normal size’ GOD-BQ-CPE, shown 
in Figure 19, and the miniaturized, shown in Figure 21, is however not possible because of different 
electrode design, different amounts of GOD immobilized and different GOD stock solution used. Therefore 
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to compare the current response for a sensor with a permeability barrier to one without in more detail two 
similar miniaturized GOD-BQ-CPE sensors were prepared in exactly the same way with the same electrode 
materials and GOD stock solution. Great care was taken to immobilize the GOD using the same time 
interval and when fixing the membranes. In this way the sensors should be similar with the only difference 
being the type of membrane. The calibration was conducted in a dual-setup. The experiment was started 
approximately one hour after the potential had been applied where both sensors had established a 
constant background current. A calibration experiment similar to the one seen in the main figure in Figure 
20 and the steady-state currents was plotted as a function of the glucose concentration. The result for the 
calibration curves is shown in Figure 22. 
 
Figure 22  Dual-calibration of miniaturized sensors for incorporation into the TAM-2250 titration/perfusion unit. The black circles 
is for the polycarbonate(15 nm pore size)-GOD-BQ-CPE and the red circles for the dialysis (12-14kDa)-GOD-BQ-CPE. Stirring rate 
was 200 rpm. The analytical parameters are listed in Table 5. 
 
It can be seen in Figure 22 that the dialysis covered sensor has a lower sensitivity than the corresponding 
polycarbonate covered. This as expected from the Theory chapter where it was found that if the sensor is 
provided with a permeability barrier then the sensitivity will drop. The full substrate concentration range 
was not investigated here but it’s expected from the Theory chapter that the upper limit in the linear range 
for the dialysis covered is higher than the corresponding polycarbonate covered. If it’s assumed that the 
Results and Discussion 87 
 
dialysis covered sensors current response is solely permeability controlled in the concentration range 
investigated in Figure 22 then the permeability of the dialysis membrane can be estimate by 
SP sensitivity nFA  as described in the Theory chapter. The permeability for the dialysis membrane is 
then found to be 5 -13 10 cm s which is in very good accordance with the value estimated in the start of 
this chapter. 
A problem with the polycarbonate membrane covered GOD-BQ-CPE sensor for analytical use is that the 
GOD enzyme can diffuse out, because the pore size of the polycarbonate membrane is around twice the 
radius of the GOD enzyme. It’s therefore expected that the polycarbonate membrane covered GOD-BQ-CPE 
sensor will have a much lower storage stability than the corresponding dialysis covered sensor. 
 
Because of the very poor method of immobilization of GOD some preliminary experiments where the GOD 
enzyme powder was mixed directly together with the graphite powder, mediator and binder. Enzyme 
mixed directly into the carbon paste is well reported [30, 71-78]. This way of mixing the enzyme directly 
into the paste has some advantages over the surface immobilization method when constructing 
miniaturized sensors. The sensors are easier to prepare, less time consuming electrode preparation, more 
reproducible and lastly, it has shown the hydrophobic carbon paste environment has shown increased 
stability of GOD [77]. However, one of the disadvantages is that a higher amount of enzyme powder is 
needed to get same current density compared to when surface immobilized by e.g. physical/chemical 
adsorption. The current-response curve and calibration curve for a miniaturized ‘bare’ GOD(in-mixed)-BQ-
CPE sensor can be seen in Figure 23. The sensor was constructed by mixing approximate 10 mg into the 
type of BQ-CPE paste described in the Experimental section. The amount of GOD to mix in was inspired 
from [77]. On a ‘bare’ electrode no protection barrier is provided to the electrode surface which also can be 
seen in the current signal. The resistance between the GOD(in-mixed)-BQ-CPE and the connection gold-
plated Cu-wire was measured to 25Ω. The resistance of the BQ-CPE is normally most depending on the 
amount and type of binder [31]. Normally a low resistance is wanted because it has been observed that the 
higher the resistance the lower the electrode reproducibility. 
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Figure 23 Current-response curve for a ‘bare’ GOD(in-mixed)-BQ-CPE sensor. The insert shows the linear part of the calibration 
curve. It can be seen that the response-time of the sensor is much shorter than the corresponding membrane covered sensors. 
 
Comparison of the analytical parameters for the miniaturized GOD-BQ-CPE sensors for incorporation into 
the TAM-2250 titration/perfusion unit is listed in Table 5. It’s stressed once again that the electrode 
preparation method had a very low reproducibility and should be optimized. 
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Table 5 Analytical parameters for the miniaturized GOD-BQ-CPE sensors constructed for incorporation into the TAM-2250 
titration/perfusion unit vs. D-glucose. The parameters are determined from the linear part of the calibration curve 
corresponding to the ones shown in Figure 22. Experimental conditions: 25 ℃, stirring rate 200 rpm by a magnetic stirrer and the 
volume was initially 1 mL in the electrochemical cell. For the two first sensors GOD was immobilized by the method described in 
the Experimental section. In the last sensor GOD was mixed directly into the paste. 
Sensor/ GOD-BQ-CPE Linear range 
(mM) 
 
Sensitivity 
(nA mM-1) 
 
Sensitivity 
(µA cm-2mM-1) 
 
R2 
 
Response 
time (sec) 
 
Polycarbonate 
(15 nm pore size) 
0.093 - >25 31.8 10.3 > 0.998 30 
dialysis (12-14kDa) 0.235 - >25 18.4 6.0 > 0.999 30 
‘bare’ GOD (in-mixed)a 0.1 - >22 30.6 9.9 > 0.998 < 8 
A Stirring rate: 150 rpm 
 
Upon inspection of the all the calibration graphs for the miniaturized sensors it can be seen that there is a 
systematic tendency that the second to third first steady-state currents are lower than the rest. The reason 
for this probably originates from that when calibrating the miniaturized sensors they were often allowed to 
stand for one to two hours before the experiment was initiated to get a stable baseline. In this time period 
a loss of glucose may take place by diffusive mixing between glucose near the tip of the titration tube and 
the solution in the electrochemical cell and therefore there can be a lower current response for the first 
couples of injections. Evidence for this effect also comes from that the same tendency was not observed for 
the ‘normal size’ GOD-BQ-CPE where the experiment was initiated already a couple of minutes after 
insertion of the electrodes into the electrochemical cell because here the time to reach a stable baseline 
current was fast. Therefore, when calibrating the sensors the operator should use thin titration tube and 
wait to put the titration tube down into the electrochemical cell until a couple of minutes before the 
experiment is initiated or use short baseline equilibration times. Another way to avoid this effect can be 
done by initiating each run with a very small volume ‘throwaway’ injection. This procedure is common 
practice in ITC [79]. 
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Storage stability of GOD-BQ-CPE sensors  
The storage stability at 4 ℃ for a ‘normal size’ GOD-BQ-CPE sensor can be seen in Figure 24. It can be seen 
that no systematic drop in the sensitivity is found in the first two weeks after preparation. 
 
Figure 24 Storage stability for a ‘normal size’ dialysis(12-14kDa) covered GOD(30 unit)-BQ-CPE. Each point is the average of three 
separate point calibrations of the steady-state current response vs. 5 mM D-glucose. Stirring rate: 500 rpm. 
 
A limited long-term storage stability for carbon paste electrodes with in-mixed mediator is however often 
observed due to the leakage, although slow, of the mediator from the electrode matrix [26]. GOD activity 
remains unchanged for 8 hours when kept at pH 5 and 25 ℃ [41]. The ‘normal size’ GOD-BQ-CPE’s is 
estimated to have a performance stability in the order of days when used in continuous batch setup 
because it was found that when the GOD-BQ-CPE is left in 5 mM glucose solution for 24 hours no drop in 
sensitivity is found. In continual hydrolysis experiments, as will be discussed below, no drop in sensitivity 
was found. On the basis of these experiments it was found important that the miniaturized sensors for 
incorporating into the TAM calorimeter could easily be mounted and replace without replacement of the 
reference and counter electrode. This is one of the reasons for choosing the method of incorporating the 
sensors into the TAM. 
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Enzymatic hydrolysis of crystalline cellulose 
To test if glucose electrochemical electrodes could be utilized to continuous monitor the hydrolysis process 
of biomass samples a ‘normal size’ GOD-BQ-CPE was used to follow the glucose concentration change in 
the hydrolysis of a crystalline cellulose substrate. A 2 % Avicel suspension was bubbled for 10 min with 
argon to reduce the oxygen concentration in the solution. 5 mL of this suspension was filled into the 
electrochemical cell and the stirring rate was set to 500 rpm. The electrochemical setup was a conventional 
three electrode with the reference electrode as Ag/AgCl//0.1M KCl and a coiled Pt-wire as counter-
electrode. The amperometric response were recorded at +0.60V vs. the reference electrode. The hydrolytic 
enzyme stock mixture of Celluclast1.5L and Novozym188 was diluted with the standard buffer to a 
concentration of 16.238 FPU/mL. The hydrolysis experiment was initiated by injecting 94.1 µL of the 
hydrolytic stock solution to the Avicel suspension in the electrochemical cell to give 0.3 FPU/mL that equals 
15 FPU/g cellulose because the 2% Avicel suspension is equal to 0.02 g cellulose per mL solution. The 
oxidation current response from the GOD-BQ-CPE was recorded and the change in current was assumed to 
be due to the change in glucose concentration from the glucose released from the hydrolysis reaction. The 
experiment was left to run for nearly 24 hours. The current response from the GOD-BQ-CPE was converted 
to glucose concentration by using the sensitivity in Table 3. The result is shown in Figure 25. 
 
Figure 25 The change in glucose concentration measured by a ‘normal size’ GOD-BQ-CPE sensor under a hydrolysis experiment 
with a cellulose substrate, Avicel. 
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The second y-axies in Figure 25 is the cellulose conversion degree in terms of glucose yield calculated as 
described in the Experimental section. It should be noted that the background current for the GOD-BQ-CPE 
sensor was not subtracted which is the reason for the small off-set seen in the start of the experiment. 
There was found no drop in sensitivity, measured by a point response to a single injection to give 5 mM 
glucose in the electrochemical cell, of the GOD-BQ-CPE indicating that the GOD enzyme doesn’t lose any 
activity doing the measurement period. The glucose removal from the GOD-BQ-CPE was estimated by the 
integral of the current according to the procedure described in the next section, assuming that the initial 
concentration of glucose in the Avicel solution is negligible. The charge found upon integration of the raw 
current signal was equal to approximate 250 µC which translates to that 0.25 µM glucose has been 
removed by the GOD-BQ-CPE sensor under the experiment. A negligible amount taking into consideration 
that the end-concentration of glucose measured by the GOD-BQ-CPE sensor is approximate 30 mM. The 
shape of the curve is related to a decay in the hydrolysis reaction rate and the dashed line in Figure 25 
indicates where the reaction rate becomes constant. It’s beyond the scope of this work to go into detail of 
that discussion, here it’s just noted that this type of curve is important in the modelling of the enzymatic 
hydrolysis process [80]. This experiment shows that the GOD-BQ-CPE sensors is can be used as an assay 
method to continuous follow the enzymatic hydrolysis of cellulose substrates under conditions where β-
glycosidases is also added to the suspension. 
 
Calibration and control of the combined electrochemical- and calorimetric 
method 
The TAM 2277 channel was calibrated by the internal electrical ‘heater’ method.  However, it should be 
noted that thermopile heat conducting calorimeters are often ‘non-ideal’ and are therefore difficult to 
calibrate with sufficient accuracy solely by the electrical method [57]. It’s therefore in generally 
recommended to use other calibrations method e.g. chemical calibration in combination with the electrical 
method [60, 65, 81]. However, in this work we were interested in addressing the possibility of incorporating 
miniaturized electrochemical enzyme sensors into the calorimetric cell without significant disturbance in 
the thermal signal from enzymatic hydrolysis of cellulose but not to determine absolute reaction rates. 
As described in the Experimental section then the time constant is one of the values that define the 
dynamic properties of the calorimeter. The apparent time constant is defined as the time to reach 63% of 
full scale deflection from the start of the calibration experiment for the uncorrected raw voltage signal. The 
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value is most often derived from fitting to the expression found in the Experimental section to the shape of 
the cooling curve following switching off the heating current though the electrical heater located inside the 
TAM vessel. 
The main disadvantages of heat conduction calorimeters is their often slow thermal response [55] which is 
reflected in the large time constant. However, from the point of view of monitoring the enzymatic hydrolysis 
process of cellulose substrates or real biomass samples this not an issue because this reaction is relatively 
slow. By comparing the time constant of the TAM2277 and the response time of the GOD-BQ-CPE it can 
moreover be seen that the sensors have a higher time resolution than the calorimeter. 
The stirring of the solution in the reaction ampoule serves two mainly purposes when the miniaturized 
sensors are housed in the calorimetric unit. The first is to keep the substrate concentration, in our case 
glucose, near the electrode surface constant so no diffusion layer is build up; the second is the keep the 
temperature gradient inside the solution low. 
 
Estimating glucose consumption, heat contribution from the GOD reaction in the GOD-BQ-CPE 
sensor and discussion of other heat contributions to the thermal signal from the incorporated 
electrodes 
Because of the nature of the operation principle in amperometric devices then consumption of the 
substrate will take place although only to some extent in their vicinity. How much and how fast depends on 
the size of the electrode and the amount of immobilized active GOD enzyme per unit surface area of the 
electrode. This also means that although the current response from the GOD-BQ-CPE reaches a steady-
state value, they will never reach equilibrium.  The contribution to the thermal power signal from the 
enzymatic GOD reaction, GODP , can be estimated in from  the heat from the GOD reaction given by: 
 GOD P GODq n H   (119) 
 
where Pn  is the number of moles product produced, glucono-δ-lactone. The heat-rate contribution is 
found upon differentiation of equation (119) with respect to time to give: 
 
 P GODGOD SP
GOD GOD GOD
d n Hdq dndn
P H H
dt dt dt dt
  
       
 
 (120) 
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where Sn is the number of moles substrate, glucose, removed. The rate of glucose removal 
rate of glucose removalSdn dt   is related to the measured oxidation current of hydroquinone from ‘Faradays’ 
law for electrolysis rate as: 
 
rate of glucose removal rate of oxidation of hydroquinone
I
nF
    (121) 
 
under the assumption that benzoquinone only gets reduced in the catalysis reaction with GOD, all 
hydroquinone is oxidized at the electrode and no other electron acceptors as e.g. oxygen are present in the 
solution. If other side reactions of benzoquinone occur or other electroactive compounds are present in the 
solution, this interference can be detected by the ‘compensating’ BQ-CPE sensor.  
This thus means that the rate of glucose removal scales with the current measured. This is as excepted 
because the enzymatic GOD reaction rate and thus the rate of glucose removal is a function of the glucose 
concentration. An over-estimate of the rate of glucose consumption for the miniaturized GOD-BQ-CPE 
sensors can be found from setting the current to 1 µA (which equals approximate 30 mM glucose, see Table 
5) which gives approximate 5.2 pmol s-1. 
The drop in glucose concentration as due to the GOD enzymatic reaction can thus be estimated from 
equation (121) as: 
    
0
1
0
t
glu glu
t
C t C t Idt
nFV

     (122) 
 
where V is the test solution volume,  0gluC t   is the initial glucose concentration and the integral will 
give the total charge passed through the potentiostat up to time t . Because that the glucose concentration 
at the start of the experiment often will be zero it follows that the glucose removal by the enzymatic GOD 
reaction can be estimated as: 
  glucose,removal
0
1
t
t
C t Idt
nFV

   (123) 
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The glucose consumption in the experiment can therefore be evaluated from the integral of the current 
measured. It follows from equation (120) and (121) that the heat rate contribution from the GOD reaction 
can be estimate from the measured oxidation current as: 
 GOD
GOD
H
P I
nF

   (124) 
 
Because 
-1100 KJ molGODH   (highly exothermic reaction), 2n   and 
49.6 10 CF    that gives a 
proportionally constant between the heat rate and current of approximate 0.5 J C-1. For a steady-state 
current of 1 µA this gives 0.5 µW which is equal to the baseline noise of the TAM 2277 (see Table 2). This 
means that theoretically then the GOD enzymatic reaction from the miniaturized GOD-BQ-CPE should not 
cause any significant disturbance in the calorimetric thermal signal when the glucose concentration is 
below 30 mM. It’s possible to correct the contribution from the GOD reaction to the thermal baseline by 
subtracting equation (124) from the resulting thermogram. From the above discussion it also follows that a 
lower sensitivity for the GOD-BQ-CPE will give a lower contribution to the thermal signal. 
 
However, it’s not only from the GOD enzymatic reaction that temperature perturbation in the test solution 
can arise from the incorporated electrodes. There are several other contributions: 
 Joule heat effect owing to the solution resistance that scales as 2
solutionR I   where solutionR  is the 
solution resistance. 
 
 Joule power heating of the part of the counter electrode immersed into the test solution. This 
effect scales as P UI where U  is the voltage between the counter platinum electrode and the 
working GOD-BQ-CPE electrode. 
 
 Heat associated with the electrode reactions. This heat arises from the apparent molar enthalpy 
change of the electrode electron transfer reaction [82, 83] also called the electrochemical Peltier 
effect [84]. This heat effect scales as electrode reaction electrode reaction
appP H I nF   [82, 83]. The 
expression is similar to equation (124) except the molar enthalpy change for the GOD catalytic 
reaction has been replaced by the apparent molar enthalpy change of the electrode electron 
transfer reaction. It’s beyond the scope of this work to go further into the discussion of this effect. 
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Here it should just be noted that for the GOD-BQ-CPE sensor it’s the oxidation reaction of 
hydroquinone to benzoquinone and the ‘unknown’ reduction current at the counter-electrode. 
 
By incorporating electrodes there will also be a new potential heat conduction pathway, namely through 
the four electrode glass holders that are in thermal contact with the test solution. Heat conduction through 
the electrodes will not be detected by the heat thermopile sensors. Any heat leakage via the four electrode 
holders located in the solution will however give rise to a constant baseline shift that in principle can be 
measured be two separate experiments; the first where the baseline is recorded for a given time interval 
with all the electrodes located in the solution and another experiment with all the electrodes located in the 
TAM ampoule but is not immersed into the solution. Such an alternative heat conduction pathway to 
consider is also relevant for the stirrer shaft. 
Another potential baseline error can arise from the mechanical effect of the stirrer. Power arises due to the 
friction of the solution and consequently heat will be released. The effect is dependent on both the stirring 
rate, design of stirrer and viscosity of the solution [66]. The friction effect from the stirrer has been stated 
to be typically in the order of μW [66]. It is possible to correct for this baseline displacement if the viscosity 
of the solution doesn’t change significant because then the displacement can be treated as a constant. The 
value can be determined by turning the stirrer off and measuring the shift in the baseline taking into 
account the drift of the baseline.  However, when using calorimetry to study to the hydrolysis process of 
cellulose there will be a de-polymerization of the cellulose chain by the endo-cellulases and means that the 
viscosity of the suspension will decrease [7]. This means that the ‘initial’ baseline will move either by drift 
or stepwise change due to a lower friction heat from the stirrer and the effect will give rise to an error in 
the thermogram. It’s in principle possible to do baseline correction either by turning the stirrer off and on 
with given time periods and measuring the displacement in the baseline taking into account the shape of 
the thermal signal before and after together with the baseline drift. Another way to correct for the baseline 
displacement is by either by measuring the change in viscosity before and after the experiment or 
conducting a separate viscosity experiment. 
 
Considerations regarding how to incorporate the miniaturized GOD-BQ-CPE 
sensors into the TAM-2250 titration/perfusion unit 
Other potential problems with disturbance in the thermal signal when incorporating electrodes into the 
calorimeter and thereby changing the design of the calorimeter can arise. The most important is from 
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evaporation of water if the electrodes do not have a sufficient air tight sealing. Because of the high 
enthalpy of vaporization of water this means that 1 µJ is absorbed for the evaporation of 0.4 ng water. So 
evaporation of water from the test solution to adjust the water liquid-gas equilibrium for the diffusion of 
water vapour through air leaking o-rings around the electrodes will cause a baseline error. An order of 
magnitude estimate for this baseline shift for water diffusion through a leaking seal connecting the gas 
phase in the calorimetric ampoule to the atmosphere is stated to be as high as 0.7 µW [66]. This stresses 
the important point that no uncontrolled evaporation or condensation of water can take place in the 
calorimetric ampoule. Therefore a lot of work and effort was in the project devoted to develop a way to 
incorporate the electrodes to give a sufficient air tight sealing that also offered an ingenious way of easy 
fixing and replacement of the miniaturized electrodes. Different electrode designs and ways to incorporate 
the electrodes were considered. As one example can be mentioned that a miniaturized electrode design 
were both the working-, reference- and counter electrode are housed in the same electrode holder is well 
reported in the literature. However, because the working electrodes in the form of the miniaturized GOD-
BQ-CPE sensors only have an expected limited continuous performance lifetime in the order of days it was 
in this work found necessary to incorporate each electrode individually in its own electrode holder. This is 
because of the much easier and less time-consuming electrode preparation method for single electrodes 
than an ‘all-combined’ electrode. The size of the miniaturized sensors developed in this work was governed 
by two demands. Firstly, the electrodes holders had to be small enough so four could be incorporated into 
the TAM 2250- titration/perfusion unit but still have a size that could be handled practically by means of 
not using any special fabrication technique. As an example much smaller sensors with an electrode 
diameter around 10 times smaller than the one selected could be constructed also with glass capillary 
tubes as electrode holders. These miniaturized electrodes were simply too fragile to work with in practice 
because the glass capillary tube broke very easily. The second was an easy way for providing electrical 
contract between the electrodes and the potentistats. For the second demand it can be mentioned that if 
the sensors have very long lifetimes in the order of months then the operator could just solder the 
electrical cords from the potentiostat directly to the connecting wire in the electrodes each time the 
electrodes had to be replaced. However, if the electrodes are to be replaced on a daily basis as for the case 
of the GOD-BQ-CPE sensors then this step would be time consuming and a potential step for making errors 
if the operator is not familiar with soldering small parts. Therefore a lot of consideration was considered on 
how to provide easy electrical connection between the electrodes and potentiostats. By using a connecting 
electrode wire with a diameter that fits the IC-socket female pin this was fulfilled. The best solution found 
from all this work is the one presented in the Experimental section and other ideas than the one chosen will 
not be discussed further. 
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Air leak control experiment 
The thermal baseline stability in terms of the drift over 18 hours was recorded with 1 mL buffer loaded into 
the 2 mL glass ampoule and the electrodes was mounted in the TAM ampoule as described in the 
Experimental section. The Lemo-plug connecting the electrodes and the Husou potentiostats was not 
connected. The stirring speed of the 3-bladed gold propeller was set to 100 rpm. Any deviation from the 
firm documentation may probably be due to that the calorimeter is not an ideal twin system after 
incorporation of the sensors because the reference ampoule leaks both the stirrer and the electrodes as 
discussed above. A larger baseline drift than the firm documentation has earlier been reported for 
incorporated electrodes into the reaction ampoule for the TAM 2277 [63]. However, for the same type of 
ampoule mounted with pH- and oxygen electrode, at stirring rate of 100 rpm (with a different designed 
stirrer than the three-bladed propeller) the baseline stability of the thermal power signal is stated to be ± 
0.3 µW over 20 hours [62]. As seen in Figure 26 then the thermal baseline drift is just around 1 µW for the 
electrochemical electrodes incorporated. This is below the reported firm documentation of TAM 2277 and 
demonstrates that the design and fixing of the electrodes by the three small O-rings and screws efficiently 
makes an air tight sealing of the electrodes. 
 
Figure 26 Thermal baseline drift of the TAM2277 with the 2 mL glass ampoule filled with 1 mL degassed buffer and mounted 
with electrodes. 
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Heat contribution to the thermal signal from the GOD- BQ- CPE 
One important consideration in the combined experimental setup is that the GOD-BQ-CPE will release heat 
from the enzyme catalyzed reaction of GOD because of the high exothermic reaction enthalpy of GOD that 
is in the order of - 100 KJ/mol [22] as also discussed earlier. To test that the heat contribution from the 
GOD-BQ-CPE was negligible compared to the heat from the enzymatic cellulose hydrolysis two types of 
control experiments was planner to be performed. In the first type a full steady-state calibration 
experiment of a GOD-BQ-CPE vs. D-glucose as described earlier should be performed directly in the TAM 
cell. In the second type a continuously injection scheme should be used instead of the stepwise scheme 
because this injection scheme will resemble a ´true´ hydrolysis experiment. In both cases the resulting 
oxidation current and thermal power signal was planner to be recorded and the heat of dilution was 
subtracted. The resulting thermal power signal would then give an estimate of the heat contribution from 
the electrochemical ´perturbation´ in the calorimetric-cell. However, it was not possible to perform these 
two calibration experiments of the sensors when mounted in the TAM ampoule. The reason for this is that 
the thermal signal was introduced to a high level of noise, in one hour the thermal signal noise was ± 30 µW 
and also the thermal signal could go out of scale (> 100 µW) when the lemo-plug to the electrodes where 
connected and with both the potentiostats in standby mode. This out-scaling of the thermal signal is 
attributed to electronic noise introduced into the amplification system of the TAM 2277 because in the 
standby mode of the potentiostat the applied potential is zero and consequently no current is running. One 
explanation for this introduced noise probably comes from that there were used un-shielded cables to 
connect the electrodes to the Husou potentiostats. This probably introduces electronic noise in the 
amplification system of the TAM2277. 
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Perspectives 
Future improvement of experimental setup 
The most important thing to optimize in the experimental combined setup is to change the un-shielded 
cables from the potentiostats to the IC-socket pins to shielded cables. This can possibly prevent the 
introduced electronic noise pick-up in the amplification electronic systems of the TAM2277 together with a 
reduction of the noise pick-up in the electrochemical signal. 
The second important thing is to find another way of immobilizing the GOD enzyme on the miniaturized 
sensors. Here the method of mixing the enzyme directly in the paste is very promising. Further 
improvement of this immobilization method could be to modify the carbon paste chemically for increased 
stability, sensitivity and performance. Carbon pastes chemically modified with mediators and enzymes are 
well reported [30, 31]. The step of providing the sensors with a membrane should also be optimized. A 
membrane is important for the elimination of electroactive interference by size-exclusion and providing a 
permeability barrier to widen the linear substrate concentration range of the sensor. Many different types 
of immobilization techniques are used when constructing biosensors. These are described in recent reviews 
[34, 85]. One of the most recent ways to immobilize the enzyme is by organic polymers, conductiing as well 
as non-conducting [86, 87]. Also nanomaterials for use in conjugation with biosensors are subject to much 
research. One of the most important for recent constructions is carbon nanotubes [88, 89]. The rationale 
for using these novel nanomaterials and investigating new immobilization techniques is for improvement of 
the sensitivity, selectivity, elimination of interference, storage and performance lifetime of the 
electrochemical enzyme electrodes. It is beyond the scope of this work to go further into details of different 
immobilization techniques and how the sensors performance is optimized by nanomaterials. Here it should 
just be noted that the electrochemical enzyme electrodes constructed in this work are relatively simple and 
many improvements of the sensor can easily be done by search in the literature. The important thing to 
remember is that aim of this work was not to develop a novel electrochemical enzyme electrode but to 
develop a miniaturized electrode design suitable for incorporation into a calorimeter. The miniaturized 
GOD-BQ-CPE’s constructed in this work are inexpensive and easy to prepare. The glass capillary tubes are, 
however, fragile and are easily broken when place in the TAM unit; even with great care from the operator. 
Custom-made PEEK miniaturized electrode holders to replace the glass capillary tubes are currently being 
manufactured. The sensors based on the glass capillary glass tubes are also used as disposable sensors. The 
custom-made PEEK miniaturized electrode holders can be re-used because the carbon paste electrode can 
be removed easily by a small needle. 
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The custom-created Labview data acquisition program should be improved by controlling the Chemyx 
syring pump from the Labview-program. This would open for the possibility to do the calibration 
experiment and data analysis automatically. The signal-to-noise ratio in the electrochemical signal can also 
be improved by adding a digital averaging filter in the Labview program. 
When investigating the perturbation of the electrodes into the thermal signal when located in the TAM 
reaction ampoule then the counter potential should be measured to address the Joule heat production. 
This potential is possible to measure by adding an additional electrical circuit to the Husou potentiostat.  
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Simultaneous and continuous monitoring of different analytes using two 
working electrodes in dual setup 
The incorporated miniaturized electrochemical enzyme electrodes can be changed to response to other 
analytes by changing the sensing enzyme. This makes the combined method applicable to various other 
systems and purposes. Moreover, in the dual-mode the experimental setup allows for simultaneous and 
continuous two working electrodes. An interesting example of such a setup for use in kinetic analysis of 
enzymatic hydrolysis of cellulose would be a glucose sensor in combination with an enzyme biosensor to 
measure cellobiose/oligosaccharides. 
sPQQ-GDH-(soluble pyrroloquinoline quinine-(dependent) glucose dehydrogenase)-BQ-CPE’s have been 
used to measure cellobiose released doing hydrolysis of crystalline cellulose by cellobiohydrolases [69]. The 
measure real-time signal could be used to study the kinetics of the enzymatic hydrolysis. The same type of 
sensor was also used for detection of glucosamine and chitosan oligosaccharides for the activity 
measurements of chitosanse [70]. A lot of work has in this study been devoted to construct sPQQ-GDH-BQ-
CPE for monitoring of cellobiose. The rationale how to use a sPQQ-GDH-BQ-CPE in combination with a 
GOD-BQ-CPE to measure both the concentrations of cellobiose and glucose is as follows: Because PQQ-GDH  
has low substrate specificity and is able to oxidize many both mono- and disaccharides [90] the 
electrochemical electrode based on this enzyme will therefore not only respond to cellobiose but also to 
glucose, lactose, mannose, etc. [91, 92]. The measured signal from the sPQQ-GDH-BQ-CPE is therefore 
given by:  
 PQQ-sGDH sensor PQQ-sGDH,glucose glucose PQQ-sGDH,cellobiose cellobiose i iI C C C         (125) 
 
where PQQ-sGDH sensorI  is the measured current response from the sPQQ-GDH sensor, PQQ-sGDH,glucose glucoseC   
is the current contribution from the concentration of glucose, PQQ-sGDH,cellobiose cellobioseC   is the current 
contribution from the concentration of cellobiose and i iC   is current contributions from other sugars 
in the solution that sPQQ-GDH has an activity against.  defines the sensitivity of the sPQQ-GDH sensor for 
the saccharide. It follows that in the ideal case where only glucose and cellobiose is present in the solution 
then the last term in equation (125) will be zero and the measure current response from the sPQQ-GDH 
sensor is given by: 
 PQQ-sGDH sensor PQQ-sGDH,glucose glucose PQQ-sGDH,cellobiose cellobioseI C C      (126) 
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In a dual setup with a GOD-BQ-CPE it is possible to measure the concentration of cellobiose because the 
current response from the GOD-BQ-CPE to a very good assumption can be set equal to only the 
concentration of glucose. The current response from the GOD-BQ-CPE can thus be writing as: 
 GOD sensor GOD,glucose glucoseI C   (127) 
 
It follows by combining equation (126) and equation (127) that: 
 PQQ-sGDH,glucose
PQQ-sGDH sensor GOD sensor PQQ-sGDH,cellobiose cellobiose
GOD,glucose
I I C



    (128) 
 
By rearranging of equation (128) then the concentration of cellobiose can be found from the measured 
current signals of the sPQQ-GDH-BQ-CPE and GOD-BQ-CPE and when the sensitivities of the two sensors 
against cellobiose and glucose are known as: 
 PQQ-sGDH,glucosePQQ-sGDH sensor GOD sensor
cellobiose
PQQ-sGDH,cellobiose GOD,glucose PQQ-sGDH,cellobiose
I I
C

  
   (129) 
 
However, it was in this work found that the sPQQ-GDH-BQ-CPE have a low performance lifetime as shown 
by the sensor losses up to 80% of the sensitivity to glucose when used in continuous experiments over 24 
hours. This has been reported in the literature before [93]. Therefore the sPQQ-GDH-BQ-CPE does not 
seem suitable for long-time continuous (> 10 hours) measurements if the enzyme is not stabilized 
significantly. It should be noted that sensors constructed on sPQQ-GDH are still of scientific interest and the 
enzyme is still used as the sensing element in analytical sensors reported in the literature [69, 70, 92, 94-
98]. 
A more interesting choice than using sPQQ-GDH to measure cellobiose would be to use a cellobiose 
dehydrogenase (CDH). CDH is involved in the degradation of lignin and cellulose [99] and catalyzes the 
oxidation of cellobiose and related di/oligosaccharides. Electrochemical enzyme electrodes based on CDH 
can be used to measure the concentration of cellobiose [100-102] and related di/-oligosaccharides [101, 
102]. This type of biosensor has also been used in a simultaneous setup for the determination of both 
mono-, di- and oligosaccharides [103]. Moreover, it has been shown that a sensor based on CDH accepts 
benzoquinone as mediator [104] and thus the type of carbon paste electrode with in-mixed benzoquinone 
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constructed in this work should also work with a CDH. Most interesting is however that real-time 
monitoring of cellulase activity with a CDH sensor  has been proposed by Matsumura et al. [105]. 
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Conclusion 
It has recently been shown that isothermal calorimetry can be used to monitor the enzymatic hydrolysis 
rate of lignocelluloses. Detailed interpretation of the calorimetric thermogram and conversion to absolute 
reaction rates are however dependant on access to complementary information from more specific 
analytical techniques due to the non-specificity of the thermal power signal. In this study it is shown that 
electrochemical enzyme sensors based on a carbon paste electrode with in-mixed mediator and surface 
immobilized glucose oxidase can be utilized to continuous monitor the glucose produced under the 
enzymatic hydrolysis process of a cellulose substrate. The application perspective of using these highly 
specific glucose sensors as an independent assay method is very promising. The results from these studies 
moreover show that such sensors in a miniaturized form can be used as specific sensors in isothermal 
calorimetric instruments for improved specificity.  Therefore the combined technique of electrochemical 
enzyme sensors and calorimetry was developed by incorporating miniaturized glucose sensors into an 
isothermal heat conduction calorimeter. The combined technique was developed with special reference for 
kinetic analysis of enzymatic hydrolysis of cellulose. 
However, optimization of the presented combined experimental setup is still needed. The most critical 
point is that shielded cables have to be used to the electrical contact point with the electrodes in the 
calorimeter for reducing the noise pick-up in the amplification system of the calorimeter. The second 
important is that the immobilization method of the glucose oxidase enzyme into the small electrode 
surface in the miniaturized sensor has to be improved due to very low electrode preparation 
reproducibility. If possible to solve these problems then the simultaneous performance of the calorimeter 
and miniaturized glucose sensors should be addressed in a systematically way. The heat contributions from 
the incorporated electrode and potential new heat leakage pathway can give rise to systematic errors in 
the electrical calibration method of the calorimeter and therefore the new modified calorimetric reaction 
cell with the electrodes should be calibrated by different methods. The dynamic properties of the 
instrument and baseline drift under different experimental conditions should be investigated. The 
application of the miniaturized sensors for continuous use and storage stability should be addressed more 
systematically than presented here. 
The combination of the two methods shows promise as a novel analytical screening tool, but moreover it 
gives the opportunity for a deeper insight into the complex mechanisms of the synergetic effect of cellulase 
enzyme mixtures. This has not previously been possible and will give new unique opportunities to optimize 
and improve cellulase enzyme mixtures. 
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The types of sensors to incorporate into the calorimeter is not limited to only electrochemical enzyme 
electrode, but can included a whole range of different electrochemical sensors. The only demand is that the 
sensor can be miniaturized to the sensor design developed in this work. Such different electrochemical 
sensor can in principal include gas-sensors (e.g. oxygen, CO2) and potentiometric sensors (pH, ion-selective 
sensors) for various other purposes. 
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Appendix. Calculation of electrode rate constants ratio from the Butler-
Volmer equation 
The formal redox potential of p-benzoquinone at 25 ℃, pH 7 vs. the standard hydrogen electrode (SHE) 
(the standard hydrogen electrode is the conventional zero point for elctrode potentials in aqueos solutions) 
is in [67] stated to be: 
 
2
0´
BQ/H Q.vs SHE, 25 °C, pH 7 293mVE   (130) 
 
The formal redox potential of p-benzoquinone at another pH can be estimated by the following formular at 
25 ℃: 
 
0' 0'
pH pH 7 pH 59.2mVxE E    (131) 
 
This means that the formal potential of p-benzoquinone at pH 5, the condition in this work, and 25 ℃ can 
be calculated to: 
 
 
2 2
0' 0'
BQ/H Q.vs SHE, 25 °C, pH 5 BQ/H Q.vs SHE, 25 °C, pH 7 7 5 59.2mV
293mV 2 59.2mV
411mV
E E   
  

 (132) 
 
The applied potential to monitor glucose with the GOD-BQ-CPE’s was set to 0.6 volt due to it is at that 
potential the steady-state limiting current were observed, see the Result and Discussion section. The 
reference electrode was however not the standard hydrogen electrode but an Ag/AgCl-electrode. The 
applied potential vs. SHE can be found in the following way: 
 applied vs. SHE applied vs. Ag/AgCl Ag/AgCl vs. SHEE E E   (133) 
 
To calculate to the applied potential vs. SHE from equation (133) the potential of the Ag/AgCl-reference 
electrode vs. SHE has to be estimated. This can be done from the Nernst equation that at 25 ℃ is given by: 
  0Ag/AgCl vs. SHE Ag/AgCl 59.2mV log ClE E a     (134) 
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where 
0
Ag/AgClE is the standard potential and Cla  is the activity of the chloride-ions. The standard potential 
can be looked up in a standard reference table, 
0
Ag/AgCl 222mVE   . The activity of the chloride-ions is 
dependent on the experimental conditions. Remembering that the activity is the product of the activity-
coefficient and the concentration of the ion, then the activity can be writing like: 
 
Cl Cl Cl
a C    (135) 
 
where 
Cl
   is the activity-coefficient and ClC  is the ion-concentration. The activity-coefficient can be 
evaluated most easily by some form of the Debye-Hückel law. In its extended form at 25 ℃ the Debye-
Hückel law can be writing like: 
 
 
20.51
log
1 305
Z I
I





 (136) 
 
where iZ is the charge of the ion, I  is the ionic strength of the solution and  is some estimate of the 
hydrated ion size in picometers. The ionic strength of the solution can be calculated by: 
 2
1
2
i iI C Z    (137) 
 
where iC is the concentration and iZ is the charge of species, i (the   is the indication of either the 
anion or cation). The experimental condition was 50mM sodium acetate (CH3CO2Na) and 2mM calcium 
chloride (CaCl2). It follows from (137) that for a 1:1 (M
+X-) salt and for a 1:2 (M2+X2
-) salt the ionic strength is 
given by 1:1 iI C and 1:2 3 iI C  , respectively. The total ionic strength of the solution can then be 
calculated to: 
 
2 3 2
2 3 2
3 1
3 0.002 0.05
0.056
total CaCl CH CO Na
CaCl CH CO Na
I I I
C C
M M
M
 
   
  

 (138) 
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The size of a hydrated chloride ion is approximate 300pm. Using this value and the total ionic strength the 
activity coefficient of chloride can be estimated from equation (136) to be, 0.8
Cl
   . The potential of the 
Ag/AgCl-reference electrode vs. SHE under the given experimental conditions can then be estimated from 
equation (134) to: 
 
 
 
 
0
Ag/AgCl vs. SHE Ag/AgCl 59.2mV log
222mV 59.2mV log
222mV 59.2mV log 0.8 0.004
370mV
Cl
Cl Cl
E E a
C

 
  
   
   

 (139) 
 
The applied potential vs. SHE can then be calculated from equation (133): 
 
applied vs. SHE applied vs. Ag/AgCl Ag/AgCl vs. SHE
0.6V 0.37V
0.97V
E E E 
  

 (140) 
 
Now the ratio of the electrode rate constants can be estimated by the Butler-Volmer equation with the 
corrected potentials (where f F RT  is equal to 38.9 volt-1 at 25 ℃): 
 
 
 
2
0forward electrode reaction
applied vs. SHE BQ/H Q.vs SHE, 25 °C, pH 5
backward electrode reaction
1
18
exp
exp 2 38.1V 0.97V 0.411V
3 10
k
nf E E
k


  
 
     
 
 (141) 
 
